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1. Abstract 



All aerodynamic forces on a surface arc caused by collisions of 
fluid particles with the surface. Upwash, downwash, lift, drag, 
the starting vortex, the bow wave, and any other phenomena that 
would not occur without the surface are caused by its presence 
as it interacts with the air flow. While the standard approach to 
fluid dynamics, which is founded on the "fluid approximation," 
is effective in providing a means of calculating a wide range of 
fluid behavior, it falters in its ability to account for the effects of 
complex interactions of the fluid either with itself, other fluids, 
or with solid bodies. One of the conditions required to justify 
the fluid approximation is that the flow be steady[ ' (>], i.e. that the 
particles of the fluid not be interacting with each other or with any 
surface. It is these very interactions, however, that are the causes 
of aerodynamic effects on solid bodies in the flow. This is not to 
say, of course, that the fluid approximation is never useful, but 
that some well-known and important effects such as the Coanda 
effect are not explained by that model. 



2. Preface 

The purpose of this paper is to set the stage for a close examina- 
tion of fluid phenomena, an examination at the particle level. Most 
fluid phenomena of interest are the result of its behavior in interac- 
tion with surfaces, other fluids or, indeed, with itself. The eddies 
and turbulence attendant fluid shear are extremely complex. As 
one fluid is injected into another, the shear effects depend further 
on the different attributes of the fluids. If a fluid is flowing, it is 
doing so with respect to something, a surface for instance. 

A dimensionless quantity used to characterize the nature of fluid 
flow is Reynolds' number: 

V 

where 

p is the density of the fluid, 

v is its velocity, 

i] is the fluid's viscosity and 

L is called "a characteristic length." 



What does "characteristic length" mean? L is a length that is 
defined only in terms of the boundaries of the flow such as the 
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diameter of a tube or the chord length of an airfoil. What length 
is it and why? In fact, Reynolds' number is only well-defined in 
discussions of model scaling of fluid flows in interaction with solid 
surfaces. For example the characteristics of a flow around a boat 
with a beam of 4 meters in an ocean current of 10 knots will be 
the same for a scale model of the boat in the same ocean water 
whose beam is 0.4 meters and where the current is 100 knots. 

What meaning can references to Reynolds' number have? 

Bernoulli's relation involves the fluid velocity. In a Venturi tube, 
it is the velocity with respect to the wall of the tube. If a high fluid 
velocity implies a low pressure, how can the pressure readings in 
different parts of the tube be different since the sensors are in the 
boundary layer of the fluid at the surface of the wall of the tube? 
The boundary layer is stationary. 

It is these and other baffling questions that has launched the au- 
thor into these investigations. 

Even though aerodynamics engineers are masters at designing air- 
frames, they are refining known technology. Without understand- 
ing from first principles, lighting engineers would just be refining 
incandescent lamps and we would not have fluorescent lights or 
LEDs. 



3. Introduction 

The behavior of real fluids, i.e. compressible and viscous, is to 
this day baffling in many ways. Part of the reason is that ex- 
planations of fluid behavior are hold-overs from the pre-twentieth 
century belief that a fluid is a fundamental entity, not composed of 
anything else. [2] The trouble with this approach is that it provides 
only viscosity and pressure as ways of understanding how the fluid 
interacts with itself or with solid bodies. Both are intensive vari- 
ables but what do they mean for volumes so small that the fluid 
approximation is not valid? 

Pressure, p, (stress normal to a surface) can be understood as that 
fluid property which causes a normal force on a surface in the flow, 



dF n = p(s) dA. 

The shear force provides part of the drag on a surface. It is derived 
from the shear stress, r, tangential to the surface. 



dF s = t ® dA, 



where 



T = fj,S(r,s)l =R{s) . (1) 

Here, 
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s is the location on the surface of the airfoil, 

r is a length in the direction normal to the surface, 

R(s) is the radius of curvature at s, 

v(s, r) is the velocity of the flow relative to the surface, 

\x is the dynamic viscosity of the fluid, 

S(r, s) — <9v(r, s) jdr is the shear and 

r is the resulting shear stress on the surface. 



Figure 1 shows qualitatively the velocity profile in the boundary 
layer during laminar flow. The curve is differentiable and indi- 
cates that there is slip the surface. Admitting the possibility of 
slip at the airfoil surface is contrary to the no-slip assumption 
of Ludwig Prandtl[7] but in view of the development in Section 
5 below and the work of Johan Hoffman and Claes Johnson, [13] 
there is reason to suspect the reality of the no-slip assumption. At 
the surface, because of the interaction of the particles in the flow 
with each other and with the (possibly submicroscopic) features 
of the surface, the behavior is very complex but for laminar flow 
this structure is smoothed out as the disturbance recedes into the 
flow. 
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A common example of this is the bow-wave of a slowly moving 
boat. Close inspection of the behavior of the water at the bow 
reveals great complexity but far from the boat the wave is very 
regular and smooth. 






Figure 1: Velocity profile in the boundary layer for laminar flow 

In order that the Equation (1) have meaning, the function v(s,r) 
must be smooth and differentiable. However, as the flow ve- 
locity increases, there is an onset of turbulence. The boundary 
layer develops eddies near the surface [7] and v(s, r) becomes non- 
differentiable and so the partial derivative in Equation (1) ceases 
to exist. The behavior of the fluid becomes very complex and the 
flow becomes unsteady; the fluid assumption becomes invalid. 

Since the work of Boltzmann [ ] and Einstein [6], i.e. theory based 
on the postulate, and supporting evidence, that fluids are com- 
posed of tiny particles, deeper insight is possible by considering in 
detail the interactions of these particles with each other, those of 
other fluids, and those of solid bodies in the flow. In fact it may be 
helpful to remember that the only interactions a fluid can have, ac- 
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cording to this model, are through momentum transfer or van der 
Waals forces between its particles and between the particles and 
the surface. 1 The molecules of a gas at standard pressure are only 
within van der Waals distance l/100th of the time they are apart 
so these forces only play a part in particle-particle scattering. 

The notion, therefore, that a streamline in a gas flow is "attracted" 
by a surface is not correct. If a stream of gas, as in Coanda flow, [ ] 
seems attracted to a solid object it is due to its self-interaction, 
interaction with gas outside the flow, and the forces its particles 
exert on the surface as they strike it, not due to an attractive 
force between the particles and the surface. In contrast to the 
work of Bernoulli, there is no "Coanda equation" because, other 
than Newton's laws, we have no physical model for the behavior 
of the particles in the boundary layer. Henri Marie Coanda was 
an engineer and observed effects that are widely incorporated into 
modern aerodynamic design but physicists have not developed a 
tractable mathematics to describe the behavior of such a large 
number, ~ 10 23 , of simple interactions without the fluid assump- 
tion. In any case, to explore a mathematical model is not the same 
as to explore the physical world (See Appendix A). One goal of 
theoretical physics is the calculation of the results of experiments, 
another is to understand why the world works as it does. The 
miracle is that mathematics is as useful as it is in describing and 
predicting physical effects. 

The statements made below about fluid flow are conclusions and 
hypotheses coming from a consideration of particles obeying New- 
ton's laws. The author's intention is to stimulate the reader's 

1 We do not consider plasmas, which are affected by long-range electromag- 
netic forces. 



thoughts about the behavior of fluids in regimes where the flow 
is not steady, and hence the fluid assumption is invalid. Another 
aim of this paper is to discern causes of phenomena. A mathemat- 
ical equation does not contain causal information. For example, 
the thrust of a rocket is not caused by the velocity of the exiting 
gases but by the pressure difference between the throat and the 
projection along the axis of the motor of the throat area onto the 
back wall of the motor. Bernoulli's equation relates the the exit 
velocity and the pressure difference but conveys no information as 
to which is the cause and which is the effect. It is only from expe- 
rience with the physical world and abstractions of that experience 
that one knows that in Newton's second law it is force that causes 
acceleration, not the reverse. 

It is hoped that an understanding of the true causes of aerody- 
namic effects will lead to new aerodynamic designs and the re- 
thinking of designs already created. Imagine, for a moment, that in 
the absence of a tractable mathematical model, non-mathematical 
understanding is possible. 



4. Total force on the surface of the airfoil 



For perfectly elastic collisions the effect on a surface over an area 
A A results in a force, AF with components normal and transverse 
to the area. 



where m is the mass of one particle and the are the accelerations 
of the particles hitting the surface area AA and the summation is 
over the area. The normal component is due to pressure and the 
transverse component is due to the viscous interaction of the fluid 
with the surface. 

As the particles move over the surface, they are affected by the 
molecular protuberances on the surface and by Van der Waals 
forces between the particles and the surface. This friction force is 
proportional to the area AA as well. 

The total force on the airfoil, then, is the vector sum of the normal 
and tangential force components over the total airfoil area: 




AA 



F total 



53 (AF„ + AF S ). 



airfoil 



The integral form of this equation is 



T total =~f {dF n + dF s ) 

J airfoil 



(2) 



The minus sign indicates that the force on the particules is oppo- 
site to the force on the surface. 



4.1. Physical parameters affecting the pressure on 
the airfoil 

The equation of state for an ideal gas is 

pV = nRT = NkT, (3) 

where 

p is the pressure, 
V is volume, 

n is the number of moles of gas in V, 

R is the gas constant and 

T is the Kelvin temperature. 

N is the number of particles in V and 

k is Boltzmann's constant, ~ 1.38 x 10~ 23 r^a ^o 9 ^-) 



Also, the density, p is 



P=^*N, (4) 



where N = 6.02 x 10 23 is Avogadro's constant, the number of 
particles in one mole. 

Making the ideal gas assumption then, 

P = -J^RT. (5) 

Far away from the airfoil, the pressure, p, is approximately con- 
stant and uniform except for the effect of gravity and the com- 
pressibility of air can be ignored. But on the surface of the airfoil, 
it is precisely pressure differential that causes lift. Equation (5) re- 
veals that p, m and T, subject to the laws of thermodynamics, are 
at the disposal of the aeronautical engineer for creating a favorable 
pressure field on the airfoil's surface. 



5. Mechanics of fluid interaction 



Aerodynamic forces affecting a rigid surface are always net forces 
produced by differences in pressure between different parts of the 
surface. The absolute pressure on a surface area element is the 
density of the normal components of the forces acting on the sur- 
face there. 




Figure 2: Interaction between fluid particles and a real surface 

Aerodynamic forces on a body are caused only by collisions of fluid 
particles with the body's surface. 2 At the molecular level, the flow 
particles encounter any surface as a molecular structure which is 
rough, with protuberances whose size is of the order of magnitude 
of the flow particles themselves (see Figure 2.). As particles collide 
with the surface, their momentum components normal to the sur- 
face there cause lift, positive or negative, and stagnation pressure 
and the parallel components cause viscous drag and give rise to 
a boundary layer which is carried along by the surface (see Ref. 
I ]). ft is clear, then, that the microscopic structure of the surface 
and the properties of the fluid will affect drag and lift, even for 



2 The Coanda effect in liquid-surface flow, however, may be caused in large 
part by van der Waals forces, which are attractive. 



<f> = 0. A perfectly smooth surface would have no viscous drag, 
there would be no shear in the fluid near the surface and, it would 
appear, a wing made of this material would have lift only if the 
air flow momentum density had components normal to the bottom 
surface of the wing, i.e. due to the angle of attack, <&. 

Even though these momentum transfers occur only in the bound- 
ary layer that appears to be "dragged along" by the surface, they 
are responsible for the whole of lift and drag. Actually, fluid par- 
ticles can leave and enter the boundary layer by moving normal 
to the surface. Dust on a surface in a flow is not disturbed lat- 
erally because the boundary layer is motionless, or nearly so, at 
the surface. The boundary layer is created by the interaction of 
the main flow particles with particles bouncing off the surface. 
For the time being, we assume that all collisions, particle-particle 
and particle-surface, are perfectly clastic and that the particles are 
spheres. 



5.1. Fluid flow over a flat surface 



Let us consider the flat surface in panel a) of Figure 3. The pres- 
sure on the surface is due only to the normal components of the 
momenta of the impacting particles. Flow along such a surface 
will not affect surface pressure. As particles are blown away from 
the surface, other particles are drawn in from outside to replace 
them. 3 Pressure on the surface is due to collisions of particles with 

3 Place a sheet of paper flat on your hands. Blow over the top surface of 
the paper. This experiment refutes the notion that the pressure in a free flow 
is less than the ambient static pressure. Bernoulli flow, on the other hand, is 
(or could be) confined to a tube and is not free. 
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the surface. Where the flow has no normal component, the pres- 
sure is due only to the thermal motion and density of the particles 
in the boundary layer, i.e. the static atmospheric pressure. Hence 
this pressure will be a function only of the mass of a particle, the 
particle density, and Kelvin temperature of the air at the surface. 

In reality, the fluid particles in a layer around a surface bound- 
ary seem to be carried along with the surface, i.e. the distribu- 
tion of the components of their velocities parallel to the surface is 
nearly[ ] circularly symmetric about a mean which is the veloc- 
ity of the surface relative to the free-stream velocity. 4 Particles, 
as large as dust particles or as small as the molecules making up 
the flow, experience Van der Waals forces attracting them to the 
surface. Whether or not the particles are fixed on the surface by 
these forces depends on the structure of the molecules making up 
the flow and those making up the surface. These Van der Waals 
forces are responsible for the "wetting" of the surface. In some 
cases, e.g. Teflon and water, the fluid drains off the surface quite 
readily just under the force of gravity. In other cases, e.g. modern 
motor oil on a bearing surface, the fluid may adhere for months 
or even years. 

In any case, however, particles continually leave the boundary 
layer and enter it transversely from the flow due to heat energy 
or, at an angle of attack, because they have velocity components 



4 This property of fluid flow was utilized by Nicola Tesla [1] in his unique 
design of a rotary pump. 
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normal to the surface. 5 Beyond a mean free path 6 or so but still 
in the boundary layer, the distribution of the normal components 
of particles' velocities moving toward or away from the surface 
will depend on the temperature and density of the particles. Even 
though it is regularly driven at high speed, a car will accumulate 
dust on its body. An air stream directed toward the surface, how- 
ever, will blow off some of that dust. As we will see, it is the 
mutual interaction of flow particles and these "stagnant" bound- 
ary layer particles that is responsible for a part of the lift on an 
airfoil at subsonic speeds. 

An increase in the free-stream velocity means that the components 
of the velocities of the flow particles increase in the direction of 
the free-stream velocity and parallel to the surface. The reason 
that the boundary layer remains quiescent, or nearly so, is that the 
components of the colliding particles' velocities parallel to the sur- 
face reverse as they collide with microscopic irregularities. This is 
one of the causes of aerodynamic drag and accounts for the fluid's 
viscosity.' If the collisions are not perfectly clastic, the rebound 
speed is less than the incident speed and the surface absorbs some 
of the particle's energy, i.e. it heats up. 



5 It can be seen, then, that dust particles on a surface in an air flow are not 
disturbed not because the fluid particles are necessarily entrained but that 
they come and go normal to the surface. Hence they do not impart lateral 
forces to the dust particles. 

6 ~ 9 X 10 -8 meters for N2 at standard pressure and temperature. 

7 Though viscosity is supposed to be a property of the fluid, it is measured 
by the terminal velocity of a ball in the fluid or the force it takes to slide 
two plates with the fluid between them. Viscosity, then, has to do with the 
interaction of the fluid with itself as well as with solid bodies. 
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5.2. Fluid flow over a curved surface 



a) 



b) 



Figure 3: Fluid flow over curved and flat surfaces 

In a steady flow over a surface, stream particles have only thermal 
velocity components normal to the surface. If the surface is flat, 
the particles that collide with boundary layer particles are as likely 
to knock them out of the boundary layer as to knock others in, i.e. 
the boundary layer population is not changed and the pressure on 
the surface is the same as if there were no flow. If, however, the 
surface curves away from the flow direction, the particles in the 
flow will tend to take directions tangent to the surface, i.e. away 
from the surface, obeying Newton's first law. As these particles 
flow away from the surface, their collisions with the boundary 
layer thermal particles tend to knock those particles away from 
the surface. What this means is that if all impact parameters 
are equally likely, there are more ways a collision can result in a 
depletion of the boundary layer than an increase in the boundary 
layer population. The boundary layer will tend to increase in 
thickness and to depopulate and, according to Equations (4) and 
(5) the pressure will reduce there. This is why the flow is forced 
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toward the surface, the Coanda effect with the attendant suction 
that draws in fluid far from the surface. 8 Those particles in the 
flow that do interact with the stagnant boundary layer will give 
some of their energy to particles there. As they are deflected back 
into the flow by collisions with boundary layer particles, they are, 
in turn, struck by faster particles in the flow and struck at positive 
impact parameters. 

The following figure consists of 4 frames taken from an animation [2 f 
illustrating the behavior of flow particles as they interact with 
stagnant particles in the boundary layer. The first panel shows 
the incoming particles in red approaching from the right, fn the 
second panel the incoming particles begin to interact with the 
stagnant particles meant to approximate a boundary layer. The 
third panel shows the boundary particles being blown away by the 
incoming set, thus reducing the pressure at the surface. As panel 
four shows, it is primarily the boundary layer particles that make 
up the flow that clings to the curved surface. 

These frames show, at least qualitatively, the Coanda effect. The 
figures are frames taken from an animation made with Working 
Model™ [20] software. In the video, approximately 600 small cir- 
cles are launched toward a fixed circle with stagnant circles posi- 
tioned around it, meant to simulate a boundary layer. All colli- 
sions are perfectly elastic and the large circle has infinite mass. Of 
course, this model is highly unrealistic because of the very small 
number of particles, their simple circular structure, the smooth- 
ness of the surface and the absence of thermal motion. It does, 

8 This explanation suggests experiments exploring the structure at the edge 
of the main flow that is away from the wall. The explanation of the mechanism 
by which the flow is "attracted" to the wall implies how the flow should behave 
at its other edge too. 



Abstract 
Preface 



7 



Introduction 



Total force on the . 



Mechanics of fluid . 



Bernoulli flow and . . . 

Calculation of lift 

Stalling wing 

Rocket engine diffuser 

The high-bypass . . . 

The vortex refrigerator 

Spinning objects in the . . . 

Gurney and Fowler flaps 

Slots and slats 

Summary 

Conclusion 



On the consideration . 
Henri Coanda's. . . 

Title Page 



44 



Page 18 of 94 



Go Back 



Full Screen 



Close 



Quit 





Figure 4: Behavior of particle flow over a curved surface 



however, show boundary layer depletion and the "wrapping" of 
the flow around the surface. A more accurate simulation would 
have a continuous flow impinging on a rough surface surrounded 
by particles. All the particles should be interacting thermally with 
each other and with the surface. Notice also that the wrapped flow 
contains almost none of the red incoming particles. 

In reality, the flow shears past the surface (where the molecular 
motion is complex and chaotic) and the fluid velocity as a func- 
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tion of the distance normal to the surface is a smooth function of 
this distance. The velocity profile curve parameters are constants 
depending on the fluid velocity, the physical characteristics of the 
surface and the particles making up the fluid (See Figure 1). In 
any case, as the flow velocity increases, separation points will be- 
gin to appear [ ]. These arc the points on the surface where the 
directional derivative of the fluid velocity normal to the surface 
vanishes as does the shear (Equation (1)). As the fluid veloc- 
ity increases even further, the derivatives at the separation points 
actually reverse sign, there is backward flow on the surface. [7] Vor- 
tices have formed downstream from these stagnation points. All 
this is in the language of fluids. What is going on at the particle 
level though? 

The curved part of the surface acts as the obstruction mentioned 
in the explanation of the vortex process (See Section 5.4.) because 
it presents stagnant particles to the flow. The flowing particles as 
they approach the surface interact with these particles and with 
the surface itself. Some populate the boundary layer and then in- 
teract as stagnant particles with other particles in the flow. There 
is a constant interchange of particles between the boundary layer 
and the flow. As these interactions take place the process de- 
scribed above activates the boundary layer particles like falling 
dominoes, causing the enveloping flow. When the surface curves 
away from the flow, the flow particles, obeying Newton's first law, 
tend to travel on trajectories tangent to the surface and thus leave 
its vicinity, taking some boundary layer particles with them. This 
reduced pressure in the boundary layer has two effects. First, it 
causes the higher pressure in the main flow to force itself, and 
smoke streamers, toward the surface, and and second, it results in 
lift as the higher pressure on the bottom of the wing has increased 
effect. 



The Coanda effect is investigated in some detail in articles in 
Deutsche Luft- und Raumfahrt[ ]. H. Riedel's paper has numer- 
ous diagrams of flow patterns and distributions of pressure differ- 
entials on a wing surface in various positions with respect to an 
air jet. Figure 5 is from this paper. 




Figure 5: Flows over a Wing 
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The first panel in Figure 5 shows the flow of and around a free 
stream in an atmosphere. Note the entrainment of air from outside 
the stream. Panels 2 and 3 show flow and distributions of pressure 
differentials on a wing in the flow. Note that in panel 3 there is a 
sharp spike in downward pressure where the flow actually impinges 
vertically on the surface. This downward pressure is the cause of 
wing stall. Flow along a positively curved surface causes a lowering 
of the pressure on the wing but if the curvature is too great, a 
vortex will be created which can cause an increase of pressure 
there. 

The Coanda effect gives a hint at at what turns out to be the most 
important cause of lift at zero or small angle of attack. While it 
may be intuitive that the main cause of lift is the high pressure un- 
der the wing, in fact it is very largely due to the decreased pressure 
on the top of the wing just aft of the leading edge stagnation point. 
(See Reference [12], page 181.) Professor Marco Colombini at the 
University of Genoa, Italy[14] has produced some interesting an- 
imations illustrating the pressure distribution around a standard 
airfoil at varying angles of attack. 9 It is interesting to think of 
airfoil design as an exercise in managing buoyancy. 



5.3. Buoyant lift 

Dirigibles, helium balloons and hot-air balloons utilize buoyancy 
lift. They are sometimes called aerostats because they achieve 
lift without movement, without a main air flow. They generate 
neither upwash or downwash as a third-law reaction to this lift. 

9 These pressure distributions, however, do not show the bow wave the same 
as it is seen in Figure 11. 



These devices rise due to the difference in the atmospheric pressure 
between top and bottom. This buoyant force acts naturally on 
everything immersed in a fluid in a gravitational field, ft acts on 
us but we don't notice it because the density of our bodies is so 
much greater than the density of air where we live. Archimedes 
noticed this buoyant force and uttered the famous u Evprjna !" He 
knew how to measure the density of the king's crown and to test 
if it was pure gold. 

One might think that the buoyant force, which is due to the grav- 
itational field, would be negligible for an airplane because the air- 
plane's overall density is much greater than air at standard con- 
ditions. However, see Section 6.3 below. Since the buoyant force 
is due to the pressure differential between the top of a body and 
the bottom, the buoyancy can be managed by controlling these 
pressures. 



5.4. Vortex fluid motion 



As a fluid stream passes through an opening in a barrier into 
stagnant fluid, eddies appear. Consider the state of the fluid as 
the flow begins. Behind the barrier the distribution of velocities of 
the particles of the fluid in a small volume is spherically symmetric 
(except for the effect of gravity) and the mean of the distribution 
is a function of the Kelvin temperature. 

Upstream, the pressure behind the barrier is higher than the pres- 
sure behind the exit. A particle on a streamline just grazing the 
barrier encounters particles behind that barrier whose mean veloc- 
ities are zero. Downstream of the barrier, the result of collisions 
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with these stagnant particles is the slowing of a flow particle as 
well as its deflection back into the flow. (See Figure 6.) 

The greater the difference between the flow velocity and the ther- 
mal velocities of the stagnant particles, the closer to 90° from the 
flow direction will be the directions of the stagnant particles after 
the collisions. Thus the interaction between the stream and the 
stagnant region serves to sort out the colder stagnant particles and 
force them away from the flow. The vortex heat pump described 
later in Section 11, Figures 19 and 20 uses this principle. 

As the stream particles that have suffered collisions with stagnant 
particles are hit by faster ones in the stream, they too are deflected 
with a velocity component normal to the stream velocity. As they 
continue after being deflected away from the stream, they hit other 
stagnant particles (Figure 6), forcing them toward the same center. 
The result is that part of the flow is changed into a vortex. If the 
obstruction is a hole in a plate, some of the energy of the flow is 
trapped in the form of a vortex ring. If the flow is a pulse, this 
ring follows in its wake. 

Let the lower half of the y-z plane be a barrier in the fluid. (See 
Figure 6.) The velocity of the flow will be superimposed on the 
random motion of the molecules, i.e. heat. As the flow begins, say 
from minus to plus in the x-direction, the mean of the distribution 
of the velocities of those particles in the flow will be shifted toward 
positive v x . As these particles pass the barrier, they collide with 
fluid particles that have a velocity distribution with zero mean, 
i.e. the particles are stagnant. 
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Call an impact parameter positive if the location of the impact 
point with a particle in the flow is a positive distance in y from the 
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center of one of these particles. If it passes the edge of the barrier 
with sufficient speed, a flow particle is likely to hit a particle behind 
the barrier with a positive impact parameter. This will result 
in the stagnant particle being knocked back behind the barrier 
(See Figure 6a.). The flow particle will be deflected up into the 
flow, with reduced momentum where it will be deflected by other 
particles in the flow and eventually be knocked back, away from 
the flow (Figure 6b). These particles still have an x-component of 
velocity that is larger than their y-z velocities but as they interact 
with each other and other particles in the flow in the way described 
above, they will participate a circular flow and their energy will 
decrease. This process repeated statistically with various impact 
parameters results in a vortex. We will call it the vortex process. 




Figure 6: The vortex process 

Consider a velocity coordinate system local to a flow particle that 
passes very close to the barrier and with its i-axis in the flow di- 
rection. Initially, that system will be aligned with the coordinates 
mentioned above. As time goes on after the particle has passed 
the y-z plane, the local system will, on average, rotate around its 



?/-axis. One can see in this way that the effects of this interaction 
with the stagnant molecules will propagate into the flow on the 
downstream side of the barrier. The result is a vortex. 



5.5. Finite wings and wingtip vortices 

In flight, an airplane will generate a vortex at each wingtip. These 
vortices are created as the higher pressure air under the wing leaks 
out from under the wing and away from the fuselage. The vortex 
is formed as this air is drawn into the low pressure region above 
the wing. The vortex is a nuisance 10 and is a source of drag and in- 
stability due to the vortex impinging on the top of the wing there. 
It can actually reduce the overall lift. Figure 7 shows the vortices 
very clearly. Notice that the axes of these vortices are parallel to 
the flight direction. The wingtip vortices are an unwanted effect 
and are due to the necessity of finite- length wings. 

Though the wingtip vortices are beautiful and spectacular, the 
concomitant to the most important factor in producing lift is the 
huge trench left in the cloud by the downwash off the trailing edges 
of the wings. 

The French jet engine manufacturing company, Price Induction 11 
sells small high bypass engines for small aircraft. One of their in- 
novations is a turbofan using composite, non-metallic blades. At 
speed, the fan blades elongate and actually seal on the special 



10 See http: / /en.wikipedia.org/wiki/Wingtip_device#NASA_development 
for a description of devices to control the wingtip vortex. 



11 Price Induction, 2, Esplanade de l'Europe 64600 Anglet, 
www.price-induction.com 



FRANCE. 
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Figure 7: Downwash and wingtip vortices 
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bearing surface of the fan housing. The reason for this is to elim- 
inate vortices at the vane tips. This reduces power requirements, 
increases the engine efficiency and increases thrust. 



5.6. Leading Edge Extensions 



Though wingtip vortices are unwanted, similar vortices are created 
on purpose by so-called Leading Edge Extension (LEX) surfaces. [17] 
A LEX is a flat surface extending a short distance from the fuselage 
and from near the cockpit aft to the leading edge of the wing. At 
angle of attack vortices are created as the high-pressure air flows 
from below the LEX to the lower pressure above. This causes the 
vortices, clockwise on the left side and counter-clockwise on the 
right. These vortices extend back over the wings and interrupt the 
stalling vortices that would otherwise form over the wing. They 
blow away the particles that would cause high pressure on the tops 
of the wings, especially near the roots. LEXs allow the plane to 
operate at higher angles of attack than it otherwise could. 



5.7. Birds in flight 



The high-speed camera shows some very interesting aspects of 
birds taking flight. [ ] Perhaps the most interesting is that on take- 
off, when maximum lift is needed, a bird's power stroke is down 
and forward, not backward as it would do if it were "swimming" in 
the air. This motion both pressurizes the air under the wing and 
creates upwash 12 on the leading edges of its wings. This upwash 

12 See Section 14 
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flows over the leading edge and actually contributes to lowering 
the pressure on the top of the wing. 

On aircraft, the leading edge slots and slats are designed to control 
and make use of upwash. Trailing edge flaps act like the big feath- 
ers on the trailing edges of a bird's wings. They help trap the flow 
and thus increase pressure under the wing and they also extend 
the wing's curved surface and hence the region of low pressure on 
the top of the wing. 
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6. Bernoulli flow and Coanda flow 



6.1. Bernoulli's equation 

For an incompressible 13 fluid in steady[ ] flow, a simple expression 
for the conservation of energy was derived by Daniel Bernoulli in 
1737 in his book "Hydrodynamica" . In steady flow, the fluid can 
be enveloped in an actual or virtual tube. That means that at 
any cross-section perpendicular to the tube's walls, the fluid has 
a uniform velocity across the tube, i.e. there can be no shear in 
the fluid. Fluid neither leaves nor enters through the wall of the 
tube and the particles do not interact with each other or with the 
wall of the tube. And finally, since the flow must be laminar, the 
tubes themselves, actual or abstract, are restricted to a smooth, 
gently varying shape. These assumptions preclude turbulence or 
eddy formation. If these conditions hold to a good approximation, 
Bernoulli's equation holds. If such a tube cannot be drawn, the 
equation does not hold. Bernoulli's equation allows the calculation 
of general behavior but because of these assumptions the theory is 
not able to predict other aspects of aerodynamics, such as behavior 
in the boundary layer of a surface in the flow. 

Bernoulli's equation is: 



Energy Density — -^pv 2 + pgh + p. (6) 

13 See, however http:/ /www. efunda.com/formulac/fluids/bcrnoulli.cfm for a 
more general form of the equation which describes the behavior of certain types 
of compressible fluids. 
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where 



p is the absolute pressure, 

p is the density of the fluid, 

g is the acceleration due to gravity, 

h is the height in the gravitational field and 

v is the velocity vector for a cell in the flow small enough 
so that the velocities of the particles in the cell are approxi- 
mately equal. 



Note that the assumption that the flow consists of these cells 
amounts to the fluid approximation. In the particle view the ex- 
istence of these cells is not assumed and the macroscopic fluid 
velocity is superimposed on thermal components of the particles' 
velocities. When the flow is incompressible and steady, the Energy 
Density is conserved in the flow. 

Bernoulli's equation is an expression of the conservation of energy, 
a checksum that is very useful in the calculation of the proper- 
ties of a steady flow. It does not speak to the question of cause 
and effect however. Fluid flow is caused by a pressure differential 
and in some circumstances a flow can also give rise to a pressure 
differential, the cause of the Coanda effect, but these two cases 
must be considered carefully. Just because a fluid is flowing does 
not mean that the pressure within the fluid has decreased. Ve- 
locity is relative to the inertial frame where it is measured but 
pressure is a quantity independent of the inertial frame where it is 
measured. The pressure in a fluid is measured as the momentum 
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transfer of the fluid particles striking some transducer that pro- 
duces a pointer reading. The force that moves the pointer is the 
integral over the (oriented) surface area of the transducer of the 
rate the fluid particles transfer momentum to it. 



where m and v are the particle's mass and velocity and dA is 
an area element. We assume that the particle collisions with the 
surface are perfectly elastic, so the tensor product, ® gives a result 
normal to the surface clement, dA. 

The orientation of the transducer surface in the flow affects the 
pressure reading. 14 The tensor product between the area tensor, 
A and the particle velocity v in Equation ((7)) is a force which the 
transducer converts to a pointer reading. A careful examination 
of a common Pitot tube used to measure the speed of an airplane 
(Figure 8) will show that the speed is measured as the difference 
in pressure between pressure sensor areas that are normal to one 
another in the same flow. (In the figure, V is the velocity of the 
aircraft.) 

A Pitot tube is a device to measure air speed, i.e. the velocity 
of the tube with respect to the local ambient air. If the tube is 

14 A Michaelson interferometer with a vacuum chamber in one leg can be 
used to measure air density from which the pressure can be calculated from 
thermodynamic principles. It does not measure pressure directly however. 



Pointer Reading oc Force = m x 




~di 




transducer 
surface 




Figure 8: Pitot tube 

correctly mounted on an aircraft flying in air that is not moving 
with respect to the earth, it measures, after altitude correction, the 
ground speed of the aircraft. It's design makes use of Bernoulli's 
relation. It actually consists of two concentric tubes. The outer 
tube is welded to the rim of the inner tube at one end and both 
tubes are sealed at the other end except for a manometer or other 
relative pressure gauge which is connected between the two tubes. 
A close examination of one design of a Pitot tube will reveal small 
holes in the side of the exterior tube. These holes are exposed to 
the air flow. In order for the device to work correctly, it is very 
important that the surfaces of these holes be parallel to the flow 
so there is no ram pressure or rarefaction of the air there. It is the 
pressure in the outer tube that is compared to the ram pressure 
in the center tube. This pressure remains at ambient no matter 
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what the air speed, even zero. 15 It is the ram pressure in the inner 
tube that changes as the airspeed changes. 

Although Bernoulli's equation employs densities as factors in the 
potential and kinetic energy terms, the equation in this form is 
only valid when the fluid can be assumed incompressible and non- 
viscous because compression heating and viscous interactions cre- 
ate heat energy. To account for this energy, thermodynamics 
would have to enter the equation and a thermodynamic process 
be identified. This process could vary in many different ways, de- 
pending in detail on the specific case. It is for this reason that 
there is no heating term in Bernoulli's equation. If compression is 
significant, Bernoulli's equation in this form cannot be expected 
to hold. 16 



6.2. Bernoulli at the particle level 

Strictly speaking, Bernoulli's equation does not apply over a real 
free surface because particles will move lateral to the flow after 
striking protuberances on the surface, violating a Bernoulli as- 
sumption. 17 

Think of a pressure vessel of a non- viscous gas feeding a Bernoulli 
tube (a real one, glass). Before flow starts, the energy in the vessel 

15 Ambient pressure is a function of altitude and so a correction must be 
made to the Pitot tube reading. 

16 See http:/ /www. efunda.com/formulae/fiuids/bcrnoulli.cfm 
17 If the diameter of a real tube is much greater than the size of the wall's 
microscopic protuberances, the tube is a Bernoulli tube to a good approxima- 
tion, however. 



is equally distributed between the 3 degrees of freedom. When the 
fluid is vented into the tube, the pressure in the tube is less than 
that in the vessel. 

The reason that the pressure in the exit tube is less than in the 
vessel is that the only particles that exit into the tube are those 
with velocity components in the exit direction. Of course these 
particles exert a transverse pressure lower than that of the vessel 
since they are selected for their momentum components being out- 
ward into the tube. Because energy is conserved, these particles' 
initial energy density is now apportioned between pressure on the 
walls of the tube (the pressure read by manometer) and the kinetic 
energy density of their velocity in the tube, \pv 2 . This means that 
there will be a lower manometer reading in the exit pipe than in 
the vessel. The pressure difference between the vessel and the end 
of the exit pipe allows the flow of the exiting particles. At the 
particle level, Bernoulli's equation, where the exit tube is in the 
x-direction, is: 



Pvessel = ^P^2(vl + v\ + vj) = p tu be + ^P^^l, (8) 

where the sums are over the velocities of the all particles in the 
flow and ptube — ^pJ2( v y + v z) i s the pressure at the tube wall. 

At the exit orifice, it is just those particles that are moving toward 
the hole that actually exit. The hole is a sorting mechanism hence 
the entropy decreases in the exit flow. This sorting process at 
the exit selects particles that will give a lower pressure when that 
pressure is measured at an orifice whose plane is parallel to the 
flow, such as a manometer connection. 



6.2.1. Venturi's tube 
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Figure 9: Venturi tube 

Consider a level (Ah = 0) Venturi tube (Figure 9) connected be- 
tween two large pressure chambers, one at pressure po and the 
other at pressure p\ where p\ < po- The cross-sectional area 
of the tube varies from some A to a smaller area, A± in the 
throat. Assume that both diameters are much larger than the mi- 
croscopic roughness of the tube wall. Say further that the fluid 
flow is isothermal and inviscid, i.e. steady, and that all collisions, 
particle-particle and particle-wall are perfectly elastic. This means 
that Bernoulli's equation holds approximately, i.e. energy density 
is conserved in the flow and the volumes V\ and Vq are equal since 
the mass flow rate conserved. 
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What does this mean at the particle level? A manometer reading 
is caused by the transfer of momentum of particles impinging on 
its transducer, i.e. a column of liquid, a diaphragm or some other 
object whose reaction is converted to a pointer reading. These 
recording devices convert the transfer of the particles' transverse 
momenta to a force normal to the transducing surface. 

When an orifice is opened in a pressure vessel, it sorts out and 
allows to exit those particles which are at the orifice and which 
have velocity components in the direction of the plane of the ori- 
fice. The components of the exiting particles' velocities normal 
to the surface will necessarily be smaller than those of particles 
which do not exit. (See Equation (8)) If a manometer is fitted to 
an orifice in the wall of the tube, the transverse pressure can be 
measured at the entrance. As the tube's diameter decreases, there 
is a further sorting process so that the pressure in that section is 
lower still. Particles in the tube that are outside the imaginary 
projection of the narrow tube back into the larger section, will 
strike the curving wall of the neck and interact with other par- 
ticles. They bounce off clastically with undiminished energy and 
with a change of momentum. They will then energize the particles 
near the small-diameter exit tube. The result of these interactions 
is the conservation of energy and the transfer of the energy in the 
annulus to the particles in the smaller tube. 

Rewriting Equation (6) with h = and adding some more detail, 
we get 



2^Z)( u '+^+^)o = ^X)(^ + ^ + ^)i, (9) 
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where the sums are over the particles in Vq and V\ respectively. 
With the main fluid velocity in the a;— direction, the conservation 
of mass yields 

^0 

where v is the average velocity component. 

Further, since Vo = V\ = V we replace v 2 by Nv 2 where N 
is the number of particles in the volumes Vq and V\, and put 
p = Zy^-. The pressures measured by manometers in Vq and V\ 
are, respectively, p — ^p(v 2 + v 2 ) and pi = \p{v 2 y + v 2 z ) 1 so, with 
some algebra, we have the Venturi relation, 



0x)i 



2(po - Pi) 



\ 



(ii) 



It is clear from this development, then, that the higher velocity 
in the Venturi throat is not the cause of the lower pressure there. 
The lower pressure and the higher velocity are both due to the 
sorting effect of the narrowing tube and the complex interactions 
of the particles as they enter the throat. 
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6.3. The Coanda effect 



This effect, first investigated and employed by the Romanian aero- 
dynamics engineer Henri Marie Coanda (1886 - 1972), is the phe- 
nomenon in which an air flow attaches to an adjacent wall which 
curves away from this flow, (see [7] pp. 42, 664). In fact this effect 
is taken for granted and it is the separation of the flow from an 
aerodynamic body that is discussed as a precursor to the stalling of 
the surface ([7] p. 40). The effect can be seen in some automobile 
advertisements. Streamers of smoke are seen to hug the profile 
of a car in a wind tunnel even as the surface of the car curves 
away from the flow. This behavior indicates a lower pressure that 
aerodynamicists call suction at that part of the surface. 



6.3.1. Organ pipe beard 

The Coanda effect is exploited in the design of large flue pipes in 
some pipe organs. 18 These pipes are like huge whistles and can, if 
they are overblown, sound the octave rather than the fundamental 
tone. Anyone who has played an Irish tinwhistle knows this effect. 
Much of the awesome power of the grand organ, however, comes 
from the volume of the bass notes. The pipe sounds when a sheet 
of air is blown over the mouth. Some of this air enters the pipe 
and of course it must also exit. The only exit from these closed 
pipes is the mouth itself. The exit path, then, starts at the top 
of the mouth of the pipe. The unwanted octave sounds when air 
exiting from the mouth interferes with the wind sheet entering the 
pipe. How, then, to avoid this interference? 

18 Organ builder Bill Visscher, private communication. 
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Some organs utilize what are called beards to direct the air flowing 
out of the pipe away from the air entering from the air chest. A 
beard is a circular dowel mounted between the ears on each side 
of the mouth. As the air exits, it tends to flow in the general 
direction of the beard but the beard is located so that the main 
flow passes over it. As the surface of the beard curves away from 
the flow, a low pressure is created on the top of the beard. This 
low pressure area attracts the flow and keeps it from interfering 
with the flow entering the pipe. Figure 10 illustrates this. 






Figure 10: Beard on an organ flue pipe 



6.3.2. The Coanda propelling device 



Henri Coanda held many patents but perhaps the most interesting 
for aerodynamic design is his design of a propelling device [9] . The 
patent disclosure is Appendix B. The device develops lift as an 
enhanced buoyant force produced by decreased pressure on the 
top. This decreased pressure on the curved circular surface is 
caused by a flow of gas at high-pressure exhausting tangentially to 
an annular airfoil from an annular slit. In addition to enhancing 
the buoyant force, the device would remove the bow wave that 
would hinder the motion of the device. 

A bow wave is normally formed when an object moves through 
a fluid. It is easy to see the bow wave of a ship or barge. As 
it is propelled in the water, a ship must push water out of the 
way. Because the water has mass, force is required to move it. By 
Newton's third law, there is an equal and opposite force exerted 
on the ship. This effect causes drag in addition to the viscous drag 
of the hull of the ship as it moves through the water. 

A toy helium balloon rises much more slowly than if it weren't 
hindered by a bow wave in the air. It is primarily the force of 
the bow wave that is responsible for the phenomenon of terminal 
velocity. By extending his arms and legs, a skydiver can control 
the terminal velocity, increasing or decreasing it. Figures 1 and 3 
of Appendix B illustrate the dissipation of the bow wave by the 
Coanda propelling device. 



7. Calculation of lift 



Lift is caused by the collisions of fluid particles with the surface of 
the airfoil. By Newton's third law, this interaction of the particles 
with the surface results in an equal and opposite reaction on the 
airflow itself; the particles bounce back. Say, for example, that 
the lift force is in the "up" direction, then the third law force on 
the air is "down." The lift can be represented in two ways: 1) 
as the summation of all the forces on the surface or, according 
to Newton's third law, 2) by the negative of the force the surface 
exerts on the air. The latter is the approach that led to the Kutta 
- Joukowski theorem. 19 

Figure 11 shows a typical force configuration on the surface of an 
airfoil. [ ] The air flow is from the left. Note that the primary 
contribution to the lift is from the curved surface of the top of the 
wing. The so-called suction created there also causes the Coanda 
effect. 

The flow particles far from the airfoil's surface "feel" this suction as 
a sort of reverse bow wave and, as a result, flow toward the surface. 
The low pressure, maintained by the flow past the curved surface, 
results in a pressure gradient , dp/d£, that decreases to zero as £ 
increases. 20 The pressure approaches the limit Poo, the ambient 
pressure. £ is the normal distance from the airfoil's surface. 

Another interesting aspect of this figure is the indication of a (con- 
ventional) bow wave of positive pressure just below the leading 
edge. This bow wave results in an upwash that moves against the 



See Reference [12] pages 236 and 237. 

or more precisely the pressure gradient due to gravity 



main flow to join the flow above the leading edge stagnation point. 
At high angles of attack this flow causes a vortex on the top of 
the wing which becomes larger as the angle of attack and/or the 
flow velocity increases. This vortex interferes with the suction on 
top of the wing and if too large will eventually cause stall. Vortex 
generators, sometimes mounted on wings and control surfaces, [] 
in spite of their name, inhibit the formation of this span- wise vor- 
tex. They do this by generating small vortices emanating from 
their tips. These small vortices, for angles of attack not too large, 
break up the larger span- wise vortex before it forms. The axes of 
these vortices are in the direction of the flow. 

A common stall warning device is a switch activated by a simple 
flap mounted on the leading edge protruding forward, which, when 
it gets blown upward, causes a horn in the cockpit to sound. All 
stall warning devices are activated, directly or indirectly by the 
speed of the upwash. [10] Upwash is created by the viscous inter- 
action of the air with the lower surface of the wing. It can be seen 
as a stream of water from a faucet strikes a plate held at an angle 
to the stream. Some of the water flows upward before it finally 
turns and flows down the plate. If the plate is held so the stream 
is near the top, the upwash will actually run up and over the top 
of the plate. As we will sec in Sections 14 and 5.7, this upwash 
can be turned to advantage to increase lift. 

The total force on the wing, lift plus drag (the red arrow in Fig- 
ure 11) is the vector sum: 




air foil 




(2) 




onset flow 



Figure 11: Typical force configuration on an airfoil in an air flow 
where 

F„ is the force normal to the surface and 
F s is the force tangent to the surface. 

The minus sign is necessary because we are calculating force on 
the air and use Newton's third law to relate that to the total lift 
force, F total, on the surface. 



Newton's second law is: 



F = 



ma, 



(12) 



or, componentwise, 



Fi = ma,, i = n, s. 



(13) 



i = s denotes the component of the force and resulting acceleration 
along the surface and i — n denotes the component normal to the 
surface. 



7.1. Using Newton's Third Law: Effects on the air 
caused by the presence of the airfoil 

At the surface of the airfoil, the pressure exerts a force in equal 
magnitude and opposite direction on the air and the airfoil. This 
pressure affects the air out to a distance of Ay, often many airfoil 
chord lengths from the surface. Newton's second law in differential 
form is 



dF 



airfoil P 



ds dv 
dt ds 



dA dr 



(14) 



where 



p(s, r) is the air density in the volume dV = ds x dr x 
unit span. 



ds/dt = v(s, r) — | v(s, r) | is the air speed, 
v(s, r) is the velocity of the air, 
dA is the differential surface area element, 
r is the distance normal to the surface at ds. 
s is the distance along the surface. 

The minus sign is required by Newton's third law since we are 
interested in the force on the airfoil. 

The behavior of the air near the surface of the airfoil is very com- 
plex and chaotic but because at angles of attack less than the stall 
angle, this layer, the boundary layer, is very thin compared to Ay, 
this complexity is not important. It is similar to the behavior in 
the bow wave of a boat. The water is turbulent and moving in 
a very complex way at the prow but some small distance away 
the water begins to smooth out into regular waves that fan out as 
the boat passes. The information as to the detailed behavior in 
the boundary layer has been lost to heat due to the viscosity of 
the water. The only thing that has been propagated over a long 
distance is the effect of the pressure in the boundary layer. 

The presence of the surface causes shear in the air around it [14] so 
v =/= Wqo, the flow speed far from the airfoil. (In fact on the top of 
the airfoil at angle of attack, v > Woo-) That means that the flow 
is not steady[ \(>] there and Bernoulli's equation does not hold. 

Integrating Equation 14 there results 




Figure 12: Geometry outside the airfoil 



" Ay f dv 

' per unit span = - I drd> ds p(s , r)v(s , r) — . (15) 

'surface JC{r) "' S 



The contour C(r) follows the surface or outside the surface, the 
streamline contour. 



If the flow is not separated from the airfoil, the Coanda effect, the 
derivative of v consists of two parts: dv/ds and a geometric term 
that is the turning of the velocity vector due to the curvature of 
the airfoil. 21 Figure 13 illustrates this. 

21 The attached velocity field is a vector bundle over the surface of the air- 
foil. This surface is assumed to be a differentiable manifold. More information 
about differentiable manifolds can be found in any book on Differential Ge- 
ometry. 



Av s 



airfoil 
surface 



Figure 13: Illustration of the covariant derivative. 

The dotted arrow in Figure 13 is the v(s + As,r + Ar) vector 
transported parallel tail-to-tail with the v(s, r) vector so that Av 
can be calculated. Taking the limit as As — > 0, the covariant 
derivative of v is obtained: 



Av &v v 

V s v — hm — — = — — h — . , 
As^o As ds R(s) 



(16) 



where R(s) is the radius of curvature of the airfoil at ds. 

We will now write the acceleration of the fluid at the surface as 



a = V.cV • 



ds 
dt' 



We use the covariant derivative in Equation (17) below. 



At the surface of the airfoil and due to its presence in the flow, 
the pressure causes a force on the airfoil as well as on the air. 
Equation (15) then becomes 



F tota ; = - / dr & ds p(s,r)v(s,r)V s v. (17) 

J surface JC(r) 

where 

p(s, r) is the air density, 

v(s, r) is the velocity of the air, 

v(s, r) = ds/dt — | v(s, r) | is the air speed. 

The presence of the surface causes shear in the air around it [14] 
so v{s) ^ Voo, and Voo is the flow speed far from the airfoil. That 
means that the flow is not steady[W>] there and Bernoulli's equation 
does not hold. This region is the boundary layer and its thickness 
is 5. 

Notice that the circulation, 



F ■ ds, 



doesn't arise in this derivation. We are looking at the effect on 
the air flow of the complex behavior of the air at the surface and 
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in the boundary layer. This effect exists as a reaction to the lift 
force. Equation (17) replaces the Kutta-Joukowski theorem. 



The difficulty is in evaluating the integrals in Equation (17). As 
has been noted above, shear cannot be nelected. The pressure, 
even outside the boundary layer, is not constant. The boundary 
layer is defined as that space, thickness <5, just outside the airfoil 
surface where 



dv(s, r) 
dr 



and r is in the direction normal to the airfoil. 

The behavior of the air in the boundary layer may be complex 
but for laminar flow over a non-stalling airfoil, its behavior results 
just in shear and a pressure gradient. The density, p, is actually 
a function both of s and r. What value should be assigned p? We 
are concerned with the cause of lift, i.e. the forces on the surface 
of the airfoil. Our understanding is in terms of Newton's laws. 22 

Figure 14 shows the bending of the flow caused by the airfoil. 
Notice that the bending is not just the deflection of the air by the 
lower surface of the airfoil. The flow along the top is bent also. 
The cause of the bending of the flow over the top of the wing is also 
the cause of the Coanda effect. The behavior of the flow far from 

22 When Isaac Newton was asked why the apple falls as it does, he is reported 
to have replied: Hypothesis non fingo! That is, "I don't have a clue!" We don't 
go any deeper than Newton's laws. 



Figure 14: Bending of the airflow by an airfoil. 

the surface of the airfoil is affected by the complex interaction of 
the surface of the airfoil with the molecules making up the flow. 

The pressure at the surface of the airfoil, not the third law behavior 
of the flow far from the surface, is what actually causes the lift and 
drag. If a method could be developed to compute this pressure, 
then lift an drag could be computed from first principles. 



7.2. Using Newton's Second Law: Effects on the 
airfoil caused directly by air pressure 

The lift force is due to the differential in pressure between the 
bottom and the top of the airfoil. If we assume that the air is 
approximately an ideal gas, Equations (3) and (4) show that the 
pressure, p, at a given temperature and the mass density, p, are 
proportional. 

First, notice that the mass density of the air is 
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nNm 



where 

n is the number of moles of the gas in volume V, 
N ~ 6.02 x 10 23 is Avogadro's number, 
m is the mass of one particle. 

This leads to, 

p = ~Jf~ x RT (18) 

where 

p is the pressure, 

R is the gas constant and 

T is the Kelvin temperature. 

Some standard methods of increasing the pressure on the bottom 
of the wing are angle of attack, of course, and trailing edge flaps. 



But we have seen above that the most important contribution to 
lift, in the usual range of angles of attack, is the suction at the top 



of the wing. This decrease in pressure as the air density is reduced 
is the cause of the Coanda effect there, ft is due to the decrease 
in p, the decrease in the particle density in the boundary layer. 



In a given constant volume, V, just above the surface of the wing, 
particles enter and leave. Let rj(s) be the particle density at s on 
the top of the wing. According to Equation (3) we can write 



where rj is the particle density. We submit the following model 
for the particle density in the boundary layer of a surface curving 
away from the main flow, 



rj(s) is the particle density at point s on the surface, 

r)o is the ambient particle density, 

3 is a dimensionless function, 

vq is the velocity of the main flow, 

v(s) is the velocity of the flow just outside the boundary 
layer (bl) at point s on the surface and 



p = r/kT, 



(19) 




(20) 



where 



Figure 15: Coanda effect geometry. 



II(s) = Pr(scatter into bl) is the probability that a particle 
in the boundary layer will be scattered back into it. 

Figure 15 depicts a portion of the curved part of the airfoil surface. 

The main flow is from the left. Since they are stagnant or nearly so, 
the particles in the boundary layer, thickness 5, will be scattered. 
We assume that all scattering is forward and all angles are equally 
probable. Those particles that are scattered into angle r remain in 
the boundary layer. The probability for a boundary layer particle 
to be scattered back into the boundary layer is 



i pR+8 

U(s) = - T(Z,R{s))d£. 
n Jr. 



(21) 



Figure 15 yields, 



r(£,iZ(s)) = sin' 1 



R 



(22) 



Combining Equations (19) through (22) there results 



7T \ V { S ) 



R+8 



R + Z 



d£ (23) 



for the pressure on the top of the curved wing. At or near zero 
angle of attack the pressure on the bottom of a flat wing is ap- 
proximately ambient so the total lift force acting on the wing is 



i] kT 



direct 



s - 



^0 

v(s) 



R+8 



Rjs) 



tfej 

(24) 



where ] indicates the top surface of the wing and S is the area per 
unit span of the bottom surface. Since we consider the simple case 
of a flat bottom surface, the force there is just the ambient pressure 
times the area. The pressure on the upper surface, lowered by 



the action of the main flow shearing past the curved surface, is 
responsible for most of the lift at zero angle of attack, $ = 0. 

Figure 4 in Section 5.2 hints that the flow, v(s), over the curved 
surface consists mainly of boundary layer particles activated by 
interaction with the main flow. The function 3 needs to be deter- 
mined. Its form will have to do with the detailed structure of the 
surface and the shape of the molecules of the flow. 



Preface 



T 



Introduction 



Total force on the . 
Mechanics of fluid . 
Bernoulli flow and . 



Stalling wing 

Rocket engine diffuser 

The high-bypass . . . 

The vortex refrigerator 

Spinning objects in the . . . 

Gurney and Fowler flaps 

Slots and slats 

Summary 

Conclusion 

On the consideration . . . 
Henri Coanda's. . . 

Title Page 



44 



Page 56 of 94 



Go Back 



Full Screen 



Close 



8. Stalling wing 



As the flow velocity increases, the secondary collisions that affect 
the flow particles slowed by collisions with boundary layer particles 
cause the slowed flow particles to be more violently knocked back 
toward the surface by the main flow. When they start to hit the 
surface itself, the forces on the surface there increase (see panel 3 
in Figure 5). The wing is stalling. As the velocity increases still 
further, the flow near 23 the surface reverses itself and flows back 
along the wing and also increases the boundary layer population, 
and hence the pressure, there. The flow is said to separate at 
the point where the backward flow rate equals the forward fluid 
velocity. Downstream from this point, a vortex has formed. 



23 At the surface the flow velocity is much less than the main flow velocity. 
The derivative of the flow velocity in the direction normal to the surface 
vanishes at the so-called separation point on the surface. Downstream of this 
point the particles just above the surface are flowing in reverse of the flow. 



9. Rocket engine diffuser 



A rocket engine is composed of three basic parts: the pressure 
chamber, the throat and the exit horn or diffuser. The following is 
Bernoulli's equation applied to the thrust of a rocket engine with 
no diffuser, just an exit orifice of area A: 



Pengine — Porifice ~t~ ^ exhaust 

The thrust, then, is 



Thrust = (pengine ~ Porifice) X A = A X (-pv exhaust 2 ) ■ (26) 

The thrust is caused by the pressure, i.e. particle collisions on 
the side of the engine away from the throat, that is not offset 
by the throat pressure. It is not caused by the mass flow rate 
in the exhaust. If it were confined with no exit orifice, the gas 
would have provided pressure offsetting that at the other end of 
the engine and the thrust would be zero in the above equation. 
In the absence of a diffuser, thanks to Bernoulli's equation, the 
thrust can be calculated using the exhaust velocity and density 
but these are not what cause the thrust. 
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9.1. 



The diffuser 



The thrust of a rocket engine is substantially increased if the ex- 
haust gases exit into a diffuser [7]. Diffusers are prominent in films 
of rocket launches and may be examined in aeronautic museums 
like Le Bourget outside Paris in France. As the rocket exhaust 
exits into a parabolic chamber, it spreads to fill the entire volume 
of the chamber[ ]. The exhaust spreads because of the large trans- 
verse thermal velocity components of the hot gases. This can be 
seen as a sort of transverse pressure as is measured in a Venturi 
tube. Combining Equations (8) and (25) we see that 



where the sum is over all the particles at the orifice. It is this 
transverse pressure that drives the exhaust to the diffuser wall. 

In the absence of the diffuser, the extremely energetic exhaust 
gases would carry much of their energy away. In fact, one can 
see this as the rocket plume spreads beyond the diffuser at high 
altitude in a sort of umbrella shape. The diffuser, then, extracts 
work from the gases before they exit beyond the rocket. The 
analogous situation in an internal combustion engine is to delay 
the opening of the exhaust valves in order to extract more work 
from the hot gas in the combustion chamber. 

An interesting feature of some diffusers, like those of the French 
Ariane rocket, is a sort of rifling on the diffuser wall. This rifling 
causes the gases to swirl, thus increasing the path length for the 




exiting particles. This keeps them in contact with the wall longer 
allowing more of their heat energy to be converted into thrust. 
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10. The high-bypass turbofan jet engine 



By the 1950s the turbojet had largely replaced the piston engine 
driven propeller as the main means of aircraft propulsion. The 
advance in the design of heat-seeking missiles was becoming a 
serious threat to military aircraft due to the high temperature 
of the jet exhaust. The thought occurred to engine designers that 
a sheath of cooler air would mask the heat signature of the jet 
exhaust so the heat-seeking missiles could could not "see" it. This 
bypassing air, however, did not only shield the exhaust but it 
increased dramatically the overall efficiency of the jet engine in 
subsonic flight. Thus was born a true breakthrough in jet engine 
design, a very useful spin-off of technology originally intended only 
for military use. 

Before the development of the modern high- bypass turbofan 24 jet 
engine, the rim of the entrance to the engine cowl was rather sharp. 
(See Figure 16.) 

Modern turbofans (Figure 17) have a gently curved entrance duct. 
This may seem trivial but it has the effect of greatly increasing 
the entrance aperture for the turbofan due to the Coanda effect. 
This cowl creates a bow wave as it moves through the air. The 
presence this bow wave 25 creates a flow pattern that precedes the 
aircraft. Examination of the third panel of Figure 5 shows how the 



24 In high-bypass turbofan engines, most of the air entering the intake cowl 
bypasses the the jet engine itself. This air is compressed somewhat by the 
shape of the entry cowl and its attendant bow-wave. The compressed air is 
propelled by a fan driven by a conventional turbojet engine and then exits the 
cowl in an annulus at the rear. 

25 At supersonic speeds this effect disappears because the aircraft has outrun 
its bow wave. 
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Figure 16: Early turbojet 



presence of a curved surface in an air flow causes what might be 
called Coanda entrainment of air from outside. This entrainment 
compresses the air in front of the fan so that the fan is moving air 
of an increased density, p. This increased density and the boost 
in velocity provided by the fan results in an increase in thrust 
pressure p. 

A similar Coanda entrainment enhances the performance of the 
shrouded tail rotors (Figure 18) that are used on some helicopters. [ ] 
Figure 18 is used with the kind permission of Burkhard Domke. 26 



http:/ /www. b-domke.de/ 
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gure 17: The entrance cowl for an Airbus A380 turbofan engine 
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Figure 18: Ducted fan tailrotor 
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11. The vortex refrigerator 



A device called a vortex refrigerator consists of a cylindrical cham- 
ber into one end of which a gas is injected tangcntially. Gas is then 
drawn off, cold, from the axis of the cylinder and hot from its pe- 
riphery. Along the length of the cylinder the cold molecules are 
separated from the hot by the vortex process outlined in Figure 6. 
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Figure 19: Vortex tube schematic 
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Figure 20: Vortex tube flow 
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The temperature of the cold air exiting from a vortex generator 
can be substantially below that of the compressed air at the inlet. 27 
Although the vortex process described above would serve as a sort 
of "Maxwell's daemon" to separate the cold particles from the hot 
there may be some other process that changes the distribution 
of the particles' energies, e.g. increases it variance. It is easy 
to imagine that some of the translational energy of the inlet air 
would be converted into heat of the exhausting air but it is more 
difficult to understand how the cold air exiting could be as much as 
28° — 50° centigrade below the inlet temperature. Unfortunately, 
the measured temperature is a macroscopic quantity. It would be 
interesting to see if the inlet energy distribution, i.e. kinetic plus 
heat, is the sum of the cold and hot exhaust distributions. 

The centers of hurricanes are regions of low pressure. In the great 
hurricane of 1900 that struck Galveston, Texas, the pressure was 
the lowest ever recorded up to that time, 936 millibars. 28 The 
pressure recorded in the eye of hurricane Katrina which hit the 
coast of the Gulf of Mexico in 2005 was even lower than this at 
920 millibars. If the hurricane is over water, this low pressure 
causes storm surge. The water in the center of the hurricane is 
pushed up because of the low pressure there and the higher pres- 
sure outside the center. In the case of Galveston and hurricane 
Katrina and most other hurricanes, this storm surge caused most 
of the damage to the cities. The mechanism that causes the struc- 
ture of hurricanes and cyclones is not fully understood 29 but it 



27 See the websites of manufacturers of vortex refrigerators: 
http://www.exair.com and also http://www.airtxinternational.com 
28 Average standard pressure is 1013 millibars. 
29 See the Lousiana Homeland Security website at: 

http: / /www. ohsep. louisiana.gov/factsheets/FactsAboutHurricaneEye. htm 
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certainly is a result of complex particle interactions. The flow is 
definitely not steady so Bernoulli's equation will not hold. 
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12. Spinning objects in the flow: the Mag- 
nus effect 



The Magnus effect is well-known by players of tennis, ping-pong, 
baseball, soccer and volleyball, ft is illustrated in Figure 21. Dis- 
covered by Heinrich Gustav Magnus (1802 - 1870), the Magnus 
effect has been used to power a ship across the Atlantic. 30 

A rotating object in a flow will generate a differential pressure 
which will produce a force on the object normal to its spin axis. 
The pressure is higher on the side rotating into the flow than on the 
side rotating with the flow. The effect is caused as the boundary 
layer dragged along by the object is pressurized by the main flow. 
This pressurization is caused by the collisions of the flow particles 
with the boundary layer particles and the surface structure of the 
object. The furry surface of a new tennis ball enhances this effect. 
Another means of pressurizing the boundary layer, used on some 
Formula One race cars, is the Gurney flap. 



30 See a picture of the ship that Anton Flettner built in the 1920s: 
http: / /www. tecsoc.org/ pubs /history / 2002/ may9.htm 




The Magnus effect, demonstrated on a ball. Lines ^represent the 
wind velocity, and the line F represents the resulting force towards the 
side of least pressure. 
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Figure 21: The Magnus effect 



Full Screen 



13. Gurney and Fowler flaps 



Although the Gurney flap was actually invented by Edward F. 
Zaparka in the 1930s [22], race driver and race car builder Dan 
Gurney accidentally rediscovered it in 1971. The height of sim- 
plicity, it is a length of aluminum angle iron bolted to the trailing 
edge of an airfoil. It causes an increased pressure on the side of 
the airfoil from which it projects. It is easy to see that it functions 
as a dam, trapping air from the flow, thus increasing the pressure 
on the top of the airfoil. This is done to increase the force down 
on the wheels, decreasing the chance for wheel spin and increasing 
traction for the rear wheels. 

Ordinary Fowler flaps[23], common on commercial airliners, cause 
a similar damming of the flow on takeoff and landing, where max- 
imum lift is needed. The top surface of a Fowler flap also utilizes 
the Coanda effect to enhance lift. "Slotted" Fowler flaps direct 
some of the high-pressure air under the wing over the rear flap 
sections, thus enhancing the Coanda effect there. 



14. Slots and slats 

A slot [23] is a gap between a slat, in use at the leading edge of a 
wing, and between the sections of the Fowler flaps. 




Figure 22: High-lift wing devices 

On takeoff and landing, some airliners, in addition to Fowler flaps, 
use leading edge slats and slots[23]. Designs differ from manufac- 
turer to manufacturer but a leading edge mechanism of some kind 
is always incorporated into the design of the wings of airliners. 
Leading edge slats and slots direct the upwash from the bottom 
of the wing at angle of attack over the leading edge of the airfoil. 

A simple experiment will demonstrate upwash. Hold a flat plate 
at a 10° or 20° angle with respect to a smooth stream of water. 
As the water strikes it, it climbs up the plate against the direction 
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of the water flow. This effect is due to the interaction of the water 
molecules with the microscopic protuberances on the surface of 
the plate. Another way of stating this is to say that the effect is 
due to the viscosity of the water. 

As the slat descends into the air flowing beneath the wing, it opens 
a slot. (See the 4th panel of Figure (22.) This combination directs 
the upwash air smoothly onto the top surface of the wing causing a 
Coanda effect there which increases lift. Instead of slots and slats, 
some Airbus planes use vortex spoilers on the leading edges of 
their wings. These spoilers, like slats, are deployed only on takeoff 
and landing and serve to prevent a stalling vortex from forming 
along the leading edge of the wing. 



15. Summary 



This paper begins an investigation into how a fluid consisting of 
particles interacts with itself and with solid surfaces. Although 
the mathematics of fluid dynamics is beautiful, it fails to explain 
many mysteries that appear in the behavior of common subsonic 
flows. Many Physics books, for example, attempt to explain the 
phenomenon of subsonic lift by using Bernoulli's equation. It is 
hoped that the brief treatment above will disabuse the reader from 
such an explanation. 



16. Conclusion 



Anyone who has contemplated ocean waves in their magnificence 
or watched solitons marching upstream in channel flow cannot but 
be amazed at the beauty exhibited by the behavior of fluids, this 
in spite of difficulties that defy our ability to calculate their de- 
tailed behavior. It is said that the first stage of understanding a 
phenomenon is that of its careful observation. Perhaps the next 
is to attempt to formulate the behavior of the constituents of the 
phenomenon. Prior to the turn of the 19th century, it was be- 
lieved that fluids were fundamental entities, i.e. not composed of 
anything. Since Einstein's 1905 paper on Brownian motion, how- 
ever, it has been clear that fluids are composed of molecules. To 
assume, then, at least for the sake of investigation, that all fluid 
behavior is caused by the interactions of these molecules and those 
of solid surfaces immersed in the fluid, seems natural. These as- 
sumptions are useful even in the absence of a tractable mathemat- 
ics to describe behavior at this level. The current mathematical 
approaches, including the Navier-Stokes equations, make the fluid 
assumption[16] fundamental. Some of the most baffling behavior 
of fluids, however, takes place in regimes where the fluid assump- 
tion is not valid. 

Perhaps, as computers become faster and with more and more 
memory, some of these behaviors will succumb to calculation. In 
the meantime we observe and contemplate and we are amazed. 
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1. Introduction 

When I was young, I read an article that claimed that the purpose of 
scientific theory was to describe phenomena rather than to explain it. This 
surprised and disappointed me. Apparently we could achieve no more than 
an empirical account of the real world, and could not expect to understand 
it. This conservative philosophy is known as instrumentaiifiin, because it 
maintains that a theory is no more than an 'instrument' for making predic- 
tions. The opposing view is that theories relate to underlying mechanisms 
and that these are responsible for the observed phenomena. To know the 
mechanism is to understand the phenomenon. However this realist philoso- 
phy usually depends on some melaphj/sical elements, introduced to enlarge 
the fabric of the hidden world and thus to aid explanation. And it was the 
liberal introduction of such un observable elements that added force to the 
instrumentalist position, an extreme form of which is known as positivism. 
This holds that all statements other than those describing or predicting ob- 
servations are meaningless (including this statement?). Knowledge is only 
what can be verified directly. Logical positivism, augments positivism by 
admitting mathematical entities logically connected to observations, even 
if they are not directly measurable. 

An alternative title for this talk would be 'The legacy of Logical Posi- 
tivism'. This philosophy was greatly boosted in the first half of this century 
by the difficulty of giving the formalism of quantum mechanics an objective 
and realist interpretation. Hidden variables of one sort or another, even 
including parallel universes, have been advanced as possible solutions. But 
the experts have not been convinced. That debate continues and I expect 
that it will ultimately be resolved in favour of a realistic explanation rather 
than an instrumentalist description. In any case this unresolved difficulty 
with realism at the smallest scales does not justify our rejecting it at the 
deterministic mesoscopic and macroscopic scales. What I shall illustrate is 
the way in which some scientists' preference for mathematical description 
over physical explanation has led to important differences in the way they 
have pursued their research. Fields that are particularly vulnerable to the 
legacy of positivism are ther mo dynamics and plasma, physics. Very often 
the researchers are unaware that they are labouring under the influence of 
a largely discredited philosophy. 

2. Some Philosophical Background 

By a 'mechanism' I mean the representation of a real process in terms 
involving familiar physical actions, e.g. we might say that the thermo- 
electric transport of heat is due to the fact that higher energy electrons 
have a smaller probability of colliding with ions than those of lower energy, 
or that a solar prominence is supported high in the corona by magnetic 
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forces. Once we have the mechanism identified, fitting it out with suitable 
mathematics is often the easier task. In specifying a mechanism, the first 
objective is to try to identify those features essential to the phenomenon 
under consideration. Elaboration of the model can follow when the min- 
imalist, position lias proved itself. But it may be necessary to add some 
unobservable structure to the mechanism from the outset, e.g. the mag- 
netic field lying out-of-sight well below the photosphere when modelling a 
simspot structure. 

Ockham was a 14th-century. Scholastic philosopher, who attacked the 
supremacy of Papal power. His 'razor' was the statement that entities 
are not to be multiplied beyond necessity. In a similar - vein, Ernst Mach 
(1838 1916) stated that 'it is the aim of science to present the facts of 
nature in the simplest and most economic conceptual formulations'. This 
was a reaction against the metaphysical extravagances of the 17th and 18th 
centuries, during which, inter alia, various fluids were adduced to 'explain' 
physical phenomena. A classical case was the chemists' phlogiston that, 
having negative weight, supposedly explained the increase in mass due to 
burning the heat drove off the phlogiston. Oxygen was yet to be discov- 
ered. Heat had the properties of an indestructible fluid called 'caloric'; 
electricity was said to be composed of two fluids, with no more evidence 
than this seemed to provide an explanation of some observations. But 
nowadays we do talk of electron and ion fluids. Also Carnot managed to 
establish the principle that later evolved into the second law of thermody- 
namics, by employing the caloric concept. (It was the first law that later 
destroyed the conservation of caloric.) So some metaphysical inventions 
prove to be closer to the truth than at first imagined. Such elements evolve 
from being metaphysical to eventually being considered to be 'real'. 

Atoms were ruled out by Mach and other a nti- a ton lists of his day. They 
could not be observed, so were not real. They could be admitted only as 
a device to give economy of thought. Realists are much bolder, willing to 
introduce unobserved elements and to take them as being real, in order to 
provide 'explanations'. A classic example is William Harvey's (l- r )78-16"i7) 
explanation of the circulation of the blood and the function of the heart 
as a pump. Although he had no microscope to see the capillary vessels 
connecting the arterial and venous systems, he maintained from evidence 
implying a circulation that they must exist. Pauli's (1930) invention of 
the neutrino to ensure the conservation of energy aird momentum during 
beta decay is another good example of a bold metaphysical creation. It 
was not until powerful nuclear reactors were available that the existence of 
neutrinos could be confirmed. 

Analogy is a powerful, heuristic means of arriving at a possible descrip- 
tion of a new phenomenon. It may be a mathematical likeness only, as with 
the fact that the temperature in steady-state heat flux and the gravitation 
potential both satisfy Laplace's equation, or it can be a deeper physical 
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analogy, such as that between the transport of heat by colliding particles 
and its transport by photons within the Sim. For example Einstein's inter- 
pretation of Brownian motion as being due to the uneven bombardment of 
microscopic particles by molecules may have taken root in his mind from 
an obvious macroscopic analogy, and its success led quickly to the full ac- 
ceptance- of the reality of molecules. Metaphysical inventions have a central 
role in science, provided one always remembers that they are on 'trial' until 
the indirect evidence is so strong that they can be considered to be 'real'. 

Maxwell was pre-eminent in his use of analogy. He deployed it in two 
famous examples. First in his kinetic theory of gases he used a 'billiard- 
ball' model to describe the trajectories of the molecules. This was excellent 
for monatomic molecules, but partially tailed with diatomic molecules for 
reasons that are now obvious to us. His other great analogy was to represent 
magnetic fields as vortex filaments in a 'fluid', and to separate them by 
particles each revolving on its own axis in the opposite direction from that 
of the vortices. These 'idle- wheels' (later identified as 'electrons') were to 
allow the free rotation of the vortex filaments. To cap it all, he gave the 
vortices elastic properties to represent the displacement current! In this 
manner he arrived at his set of equations for the electromagnetic field. He 
found that the velocity with which disturbances propagated through his 
system of vortices and particles (70,S13 leagues per sec.) agreed so closely 
with Fizeau's value for the speed of light that he remarked "we can scarcely 
avoid the inference that light consists in the transverse, modulations of the 
same medium which is the cause of electric and maf/netie phenomena" . 

Then the mechanical description was abandoned, it being assumed that 
the equations alone now represented the phenomenon. Maxwell's analogy, 
however absurd it seems today, led him to the greatest discovery of the 
19th centmy, namely that light was electromagnetic in nature. The French 
posit ivist. Pierre Duhem, observed sarcastically that Maxwell had cheated 
by falsifying one of the equations of elasticity in order to obtain a result 
that he already knew by other means. 

However if one asserts the whole theory is simply the equations, one 
is adopting a posit ivist point of view. It is Faraday's great metaphysical 
construction the notion of an electromagnetic Held permeating space 
that allows a return to a physical description of Maxwell's equations. This 
continuum picture is very helpful in trying to understand the interaction of 
fields and particles. I shall use 'mechanism' in this extended sense in what 
follows. 

Since logical positivists eschew physical mechanisms, they are attracted 
to mathematical treatments, especially wdren an axiomatic basis can be 
adopted or devised to give the approach the gloss of pure mathematics. 
The belief that, excepting blunders, mathematical proofs are absolutely 
certain and therefore superior to physical arguments, should have been 
dealt the coup de grace by Godel's incompleteness theorem. This states 
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that if a set of rules of inference in a branch of mathematics is consistent, 
then within that branch there must exist valid methods of proof that these 
rules fail to identify as valid. 

Of course the equations of mathematical physics follow from the as- 
sumed mechanisms, but sometimes this dependence is inverted or forgotten 
and the equations begin to assume an independent significance well beyond 
their original range of validity. This does not seem to concern cosmologists. 
whose big bang, in which the universe is created from nothing via a quan- 
tum mechanical tunnelling process, is a wild, but apparently successful, 
extrapolation of known physical laws. 

The importance of imagining phenomena in terms of mechanisms rather 
than the equations employed to represent them, is that mechanisms are of- 
ten much more suggestive of modifications and extensions to more accurate 
models of the processes, whereas equations, especially if they are compli- 
cated as in the integro- differential equation of kinetic theory, or as in the 
full set of MUD equations, are less helpful. Equations sometimes have 
many terms, each of which usually represents a distinct physical process. 
It is important to try to relate the terms individually to features of the 
physical model and not simply to lump them together. 

Phenomena in fields like biology, where the mechanisms are obscure or 
unknown, and which rely on statistical data to suggest causal connections, 
remain fertile for the positivists. To be true to their philosophy, they would 
be content to rest the case for the dangers of cigarette smoking on the 
correlation discovered between smoking and various types of illness. But 
the merchants of death are realists. The cigarette manufacturers insisted 
that, in the absence of proven biological mechanisms relating disease to 
smoking, their product was innocent. It is true that mere correlation proves 
nothing, a classical case being the noted correlation between the incidence 
of prostitution in London just after the second World War and the salary 
of Bishops. 

3. How Positivists Confused the Basis of Plasma Physics 

Whether or not the early plasma physicists knew any philosophy of 
science I cannot tell, but it would appear from their mistakes that they 
preferred formal mathematics to physical mechanisms. The most obvious 
example is that plasma pressure was defined as momentum flux, which is 
correct only if molecular collisions are sufficiently numerous. The classical 
case of wall pressure being due to its bombardment by molecules should 
have made the role of collisions obvious enough, but the momentum flux 
definition, in which the collisions are only implicit, confused quite experi- 
enced scientists into believing that there could be pressure gradients even 
in a collisionless plasma. One wonders by what mechanism can purely 
ballistic particles transmit a pressure force. 
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I was once challenged at a seminar I was giving at the UK Culham 
Laboratory for Fusion Research. A scientist claimed that 'Collisions are not 
essential for there to be a pressure gradient in a plasma!' His argument 
was that one could have a gradient in the number density, 5, of ionised 
particles, maintained by a strong magnetic field (which is correct) and if 
the medium were isothermal, from the law p cx nT relating the pressure 
to the temperature T, it follows that there woidd be a gradient in the 
pressure. It seemed plausible to the audience. They had become so familiar 
with the classical pressure/temperature law that they had forgotten that its 
derivation required collisions, i.e. it is not true that p ex nT in a collisionlcss 
plasma. One could take it to be a definition, but then it would have no 
physical content. 

Although this mistake seems harmless enough, it was compounded into 
a more ridiculous and even dangerous notion for a plasma in a strong 
magnetic field. If the magnetic field strength B say. has a gradient in a 
direction orthogonal to the field vector B, as the charged particles gyrate 
about the field lines with a radius inversely proportional to B, the variation 
in the radius of gyration experienced by the particles causes them to drift 
in a direction orthogonal to both B and its gradient. (The motion has 
a similarity to that of a top on an inclined plane the gravitational force 
down the plane results in a motion of the top along the plane at right 
angles to this force.) This is known as 'grad D drift' and depends on the 
assumption that the average time interval r between successive particle 
collisions is much greater the gyration time. tJ" 1 . The individual particles 
have an average velocity u B across the field determined by the value of 
grad B. 

Now consider the whole collection of particles treated as being a fluid. 
The equation of fluid motion does not have a term involving grad B, but 
it does have a term proportional to the pressure gradient, which gives rise 
to a fluid velocity v across the field lines depending on the magnitude of 
grad p. Now the fun begins. The average drift velocity u D it would seem, 
cannot possibly be the same as v, since the former depends only on grad 
B and the latter only on grad p. This means that, with appropriate choice 
of the two gradients, it is possible to send the ion mass qua particles in 
the opposite direction to the ion mass qua fluid. But there can be only 
one direction of mass motion. The amazing thing is that this reputed 
'paradox' is acknowledged and accepted in the literature. That there must 
be an error is not even appreciated. The simple mistake is to assume that 
in the guiding centre description the particles are collisionless, but in the 
fluid description they respond to pressure forces, i.e. to the impact of other 
particles. 

Why do I think this confusion over pressure is serious? Well the ex- 
tremely expensive and unsuccessful fusion energy project, in which very 
hot plasma was supposed to be confined by magnetic fields, was based on 
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theory in which guiding centre motion plays a role. And the (incorrect) 
equations resulting from not understanding the nature of plasma, pressure 
failed to reveal that there would be a disastrous loss of plasma across the 
tokamak fields. But the error goes deeper than that. The basic equation 
on which all of the kinetic theory of plasmas was developed is Boltzmann's 
kinetic equation, which we shall next consider. 

4. Why Boltzmann's Equation is Incorrect 

In 1872 Boltzma.nn published the paper "Further Studies on the Ther- 
mal Equilibrium of Gas Molecules" that contains his famous integro- 
dift'erential equation for the evolution of the density of particles in phase 
space. At a meeting in Vienna to commemorate the centenary of this pub- 
lication. G.E.Uhlenbeek stated: 

'The Boltzmaun equation has become such a generally accepted and central 
part of statistical mechanics, that it almost seems blasphemy to question 
its validity and to seek out its limitations. It is also almost a miracle how 
the equation has withstood all criticisms...' 

However, that there is an important limitation to the equation becomes 
evident when terms second- order in the ratio of the microscopic (molecular 
collisional) time-scale to the macroscopic time-scale, known as the Knudsr.n 
number, are examined. (A typical second-order term involves two gradi- 
ents, e.g. the heat flux includes a term q 2 = — a Vv ■ VT, where a is a 
constant and v is the fluid velocity. The first-order theory yields the clas- 
sical transport equations of Fourier, Ohm and Newton and is correct.) For 
example there are physically evident terms for the heat flux across mag- 
netic fields that cannot be derived from Boltzmann's equation. On the 
other hand, his equation leads to second-order terms for heat transport in 
an isothermal neutral gas, in which circumstances no such transport is pos- 
sible. One such term has V/) in place of V7 n in the (correct) second-order 
expression for q 2 just quoted. The physical nature of energy transport in 
a non-conducting gas must depend on there being a temperature gradient. 

The fault with the equation lies with the assumption that the collision 
rate between molecules is proportional to the product of the distribution 
functions of the colliding particles, regardless of anisotropics generated by 
the presence of pressure gradients and fluid shear. Boltzmann's main pur- 
pose was to find a way of deducing the second law of thermodynamics from 
mechanics and also to improve on Maxwell's derivation of the equilibrium 
distribution. In this he certainly sircceeded. In fact only seven of the 96 
pages of his paper deal with the calculation of the transport properties of 
gases. The tacit assumption that the equation was valid over a wide range 
of Knudsen numbers, made by Chapman, Enskog and many others since, 
is where the fault really lies. 
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In the formulation of the kinetic equation, the distinction between con- 
vection and diffusion is not correctly drawn. Diffusion is due to molecular 
agitation superimposed on a reference frame that not only has the speed of 
the Suid element, but which also accelerates and spins with it. This means 
that the pressure gradient, must be assumed known from the outset, since 
the fluid element to which the frame is attached, is accelerated by this force. 
The spurious terms in the heat transport mentioned above, arise because 
of the neglect of these fluid accelerations. For example, scattering is taken 
without comment to be isotropic in a frame that has the velocity of a fluid 
element, but not its acceleration. Had the mechanism on which the equa- 
tion was based, namely the collisioua.l scattering of molecules in and out 
of a fully convected element of phase-space, been clearly understood and 
kept in mind, the error would have been soon discovered and the original 
Boltzmann's equation corrected for higher values of the Kimdsen number. 

Great srmis and scientific effort have been invested into finding com- 
puter solutions of Boltzmann's equation in the regime of large Knudsen 
numbers. Such a waste and just because of the apparently unsliakeahle 
belief in equations rather than mechanisms. So far as research in fusion en- 
ergy is concerned, the cost of the failed tokamak machine world-wide must 
exceed ten billion dollars. At least in part this waste can be attributed 
to the propensity of plasma physicists to adopt a positivistic view of their 
science. 

5. Understanding Entropy 

My final example of the legacy of positivism comes from that will-o'-the- 
wisp known as entropy. What is curious about this property of macroscopic 
systems is that it is a purely defined quantity, not relating to a physical 
property until precise details of the state of the system have, been specified. 
And the problem with 'state' is that it is observer-dependent, i.e. it depends 
on what elements the observer wishes to include in his physical model of 
the system under consideration. The greater the detail, the smaller the 
resulting entropy of the system. In this case the 'mechanism' is simply the 
chosen physical state. Unfortunately the positivist position seems to be 
that entropy is a property of systems, independent of the observer — the 
mechanism via state is quite ignored. Examples of this are to be found in 
a subject optimistically termed 'rational thermodynamics', in which tem- 
perature and entropy are taken to be 'primitive' quantities not requiring 
definition. 

This ignorance would be harmless enough, except that 'the' entropy, 
or rather its rate of production, a say, is made the basis for determining 
the form of constitutive relations, namely the laws relating fluxes and the 
thermodynamic forces driving them. The principle is that these fluxes and 
forces appear as quadratic products in a, which it is assumed must always 
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be positive. The second law of thermodynamics is c laimed to support this 
view. Fourier's law relating the heat flux q to the temperature gradient 
V2\ is a. simple example. In the absence of other processes, the production 
rate is a = — q - VT > 0, which implies that q = — k VT, where k is a pos- 
itive constant termed the 'thermal conductivity". The physical mechanism 
that generates these fluxes and that is responsible for a generally being 
positive is lost in a pseudo- mathematical haze, with the hope no doubt 
that the pine mathematical appearance of the formalism will impress the 
followers into believing that the reasoning is unassailable. 

Of course this approach leads to gross errors, perhaps the simplest of 
which is a theorem due to Coleman that asserts the entropy to be inde- 
pendent of the gradients of temperatme and fluid velocity. In a theory 
correct to second-order in the Knudsen number, this is readily shown to 
be wrong. Another evident error arises in the theory of heat flux across 
strong magnetic fields. There is an interesting and very important term q A 
that happens to be orthogonal to both the temperature gradient and the 
magnetic' field. Since q A - V7' = 0, this term does not generate entropy and 
does not appear in the expression for a . It therefore does not exist for the 
rational thermodynamieist. In fact it is the second-order form of q A that is 
responsible for the failure of tokamaks to retain their energy for more than 
a few seconds at best, when minutes would be required for an economic 
fusion reactor. And the same transport equation plays a dominant role in 
coronal physics. 

The entropy production rate is assumed to be always positive. This is 

presented as an axiom, with the second law as justification. Unfortunately 

the second law gives no guarantee that a is always positive. In a strong 

magnetic field it is in fact the case that a may have either sign. The 

argument is as follows. We expand a as a power series in the Knudsen 

number, £ say, / _ , ,,\ 

o ^ <Ji +<r 2 . (ffi = 0(c 1 )) , 

where we have carried the expansion only to the second-order term. Of 

the two terms, only o~i is dissipative. It is therefore always positive. The 

second-order term has three: gradients arid is consequently reversible, i.e. 

it may have either sign. Moreover it can be much larger than ci, in which 

case the total a may be negative. This is not a failure of the second law, 

which relates only to dissipative terms. The problem is that the rational 

thermodynamieist has adopted an axiom, the physical content of which he 

does not understand. 

It can be shown that the stability of a continuum flow requires that 



o~ \ > 0, 



[ + ct 2 > , 



the inequalities in which have different roles. The first determines that the 
thermal conductivity and the fluid viscosity be positive quantities, mak- 
ing it a thermodynamic constraint; it is universal and independent of the 
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actual flows obtained. The coefficients of the second- order terms, being 
determined by the same molecular behaviour as the first-order coefficients, 
arc closely related to them, leaving no freedom for further thermodynamic 
constraints to be satisfied. 

On the other hand the stability constraint ((ui + a-z) > 0) can be 
satisfied only by restricting the class of fluid flows, ft sets a limit on the 
gradients, or equivalently on the Knudsen number making it a macroscopic 
or fluid constraint. Provided £ is sufficiently small certainly less than 
unity u\ will be larger than [cr^ | and the constraint will be satisfied. We 
might imagine some initial state, with steep gradients, for which this does 
not hold. The fluid flow may be momentarily unstable, but the resulting 
fluctuation will quickly restore a new equilibrium state, in which is either 
positive, or smaller in magnitude than a\ . 

Since the second law of thermodynamics is not normally associated with 
the question of the stability or not of the flow field, it is restricted to the 
thermodynamic constraint. a\ > 0, while the constraint on {a\ + a%) is 
concerned solely with the macroscopic stability of the flow field. Certainly 
with magneto plasmas, even with convergent Knudsen number expansions, 
the 0(£ 2 ) terms dominate the classical C)(t ) terms by orders of magnitude 
and instabilities in which (<ti + <7->) changes sign periodically do occur. The 
adoption of the inequality a > as an axiom is a serious mistake. 

6, Conclusions 

I have tried to show that the attitude of scientists to their research 
the way they go about it is greatly influenced by the beliefs they have 
adopted, consciously or otherwise, about the nature of the scientific enter- 
prise. In this way, the philosophy of science does play air important, but 
indirect role in research, a point of view that would have been quite obvious 
to most 19th Century scientists. The importance of philosophical concerns 
in cosmology and quantum physics, in which branches of science there is 
no shortage of metaphysical invention, is obvious enough, but that this 
extends into the classical realms of continuum physics is not sufficiently 
appreciated. 

University teaching is largely responsible for the inculcation of posit ivist 
attitudes in the typical university graduate. Mathematical approaches to 
physics and the mathematical sciences are easier to teach and easier to 
learn. Mechanisms are not ignored, but they are given less attention, espe- 
cially where it counts for the average student, namely in the examination 
room. When I was an examiner for Oxford Finals in Mathematics, I al- 
ways attempted to set some questions essay-type discussions of underlying 
physical principles. But these were seldom answered they were thought 
to be too difficult and in any case how can one get high marks for a mere 
essay! 
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Th<* present indention relates to propelling de- 
vices in which there is produced a suction zone 
In front of tlie tody in motion oil which th-Q pro- 
peller is mounted, this suction being such that 
JS tie body In motion b propelled under the Iri- 
fiuence of the atmospheric pressure existing at 
the rear of the propeller. 

The object off the present Invention is to pro- 
vide a propelling device gf this kind which is 
la better adapted to meet the requirements of prac- 
tice than those made lip to the present time. Ac. 
cording to the invention the propeller is com- 
posed at an annular ^structure of suitable axial 
section, on which a ring fltg Id an adjustable 
10 manner, cafd ring: being- concentric find con- 
structed In such a manner that a very narrow 
ess is farmed between it and said annular strtic- 
ture h through which gap compressed gas escapes 
outwardSy alone: a frontwardly directed line, tho 
. axilll section of said annular structure consisting 
Of a curve tangent to this line and having its 
convexity toward the front, while the axial sec- 
tion of said ring Is a line making; a substantial 
single v-'ith said first mentioned line. 
2ff . Furtliijrmoi'e the fin? and annular structure 
are hollow, at least to a certain depth so &a to al- 
low air from the space ahead of the propeller to 
flow through their central porticn and out behind 
the annular structure. This prevents any suc- 
3Q| Mon at the- rear of the annular structure so that 
the whole of the suction Is In front thereof, and 
the motion of tho body Isensurefl by the difference 
between the pressure at the front and that at the 
rear. 

35 Preferred embodiments of the present inven- 
tion will be hereinafter described with reference 
to tbe accompanying drawing, given merely by 
way of example and in which 
figs. I and 2, show in perspective and sectional 

40 views respectively a first embodiment of the in- 
vention, 

Fls. S is a sectional view of a m edification. 
In the embodiment of Figs. 1 and 2. the body 
of the propelling device according to the inven- 
45 tion includes an Inner element ! and a tubular 
part 2, fitted thereon and provided at 3 with 
screw threads for fixation of a tube This 
Structure carries a series of tubes 5 opening lntn 
an annular member 6. Another annular mem- 
Eti ber B is screwed at 7 <?X> member E, so that the 
narcw annular Interval B between members $ 
and s can be adjusted at will. 

Member 6 may be made of a single piece or 
Consisi. af two r.inss 6', G Jr screwed In c-ac-" r j ciTIut 
iM at lo-, 10". 



In the embodiment ol Sis- 3, ths streamline 
body 1 1 contains fl Dart screwed to the member 
II. Tubes 14 are provided in member 1J and 
secured by the screw thread Is in a ring IE of 
suitable profile upon which a rins la is fixed by s 
screw threads If, so that this ring IB can be 
adjusted In position with raspeqt to. rlns: 16. 

Between rinz ffj and ring 18 there La left an 
adjustable narrow annular interval ia, tide ll 
being however constructed so as to form a sir- 10 
cular chamber £D between said ring and ring I S. 
The propeller worfcg. in the following manner: 
Hit compressed pas, which may consist of 
superheated steam or a combustible mixture or 
some explosive mixture or even compressed air. Is 
supplied through tube 5, flows through the annu- 
lar space formed between elements t and 2, passes 
through tubes S Into the narrow annular interval 
9 between the element S and ring B and escapes 
into the atmosphere. gg, 

The fluid fllm expands and exceeds its initial 
Volume, and, owing- to the fact that on one elde of 
the outlet of passage 3, annular member G la 
suhatftntiariy tangent to tho fluid sheet escaping 
from I, whereas, on the other side, the edge of 25 
member Q makes a substantial angle to [he direc- 
tion of salt; shed, the latter ftowa along the front 
face of member 6. following the path Indicated 
by arrows f. Thus in the space marked In dotted 
lines a rush of fluid is created toward which 30 
the. surrounding air Is drawn in the direction 
of the arrows / provided the pressure of the 
motive fluid is -sufficient. 

Therefore the prope!ler. OWiny to the suction 
created at its front part, has a tendency to rush J gg 
frontward under tho action of ihe pressure exist- 
ing behind: It, drawing along the structure on 
which Jt is mounted provided the outflow is 
sufficient to create a momen tum at low speed and 
in great mosses of the surroundinff air. equivalent m 
to the dra^ of the body in which the propeller 
is mounted. 

Morec-u^r the surrounding air circulates 
through the centra] free portion: In the direction 
of the arrows P 1 , at same pressure, so thai be- 45 
low the part 6 it counter-pressure is created rela- 
tive to (he suction In front of the same, which 
counter pressure consequently adds to the action 
of the suction created In front of part a. 

The snmc applies in the easy of Fig, 3. The 60 
gaseous mixture under high pi-cssllre which is to 
expand after entering the chamber formed by 
part I?, passes through tube (4, starts expanding 
in chamber 2B and escapes through annular inter- 
val IE following the front race of element f6 P fig 
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creating in front of it a zone bt very strong auc- 
tion represented by dotted lines, 

it is evident that the shape of elements such 
as *' and II and the thickness of annular inter- 
a vols 1 or 19 are Calculated In such a manner Clint 
a certain expansion of the compressed motive 
fluid permits of obtaining & momentum which 
ensures the displacement of the body- 
In a general manner, while I have. In the above 
10 description, disclosed What I deem to be practi- 
cal and. efficient embodiments of the present in- 
vention, it should be well understood that I do 
not wish to be limited thereto as there might be 
change,! made In the arrangement, disposition 
IS and form of the parts without departing from 
the principle of the present Invention as compre- 
hended within the scope of the appended claimv 
It ma? be noted that In Pis. 1 the member 
S and in Fir. 3 the part U extend at least with 
20 the edge into a recess at the front of the mov- 
ing body, with the result that, the air or fluid" 
issuing from the narrow slot first strikes the 
curved portion of the airfoil or wing shaped 
member so as to follow its. curvature forwardly 
us and then outward radial 1? and subsequently rear- 
wardly. 

Having now fully described my Invention, I 
in' it;. 

1. A propelling device of the type described, 
30 which comprises, Ln combination, a body, an an- 
nular member rigid with said body at the front 
part thereof, another annular member' rigid with 
said body, coaxial with the first annular mem- 
ber and located ahead thereof, so as to leave 

35 between said members a narrow annular inter- 
val with a daring outlet opening to the atmos- 
phere ln a frontward direction, the rear edge or 
lip of said outlet, formed by the front surface 
of the first mentioned annular member, being 

40 or rounded shape starting tangcntlaily to said 
frontward direction on the outer side thereof, 
with its convexity toward the front, whereas the 
front edge or Up of said outlet, farmed by the 
front surface 0( the second mentioned annular 

js aiB 'J i!t "?r. starts at an angle to said direction on 
the inner side thereof, and ltiea as for driving; 
out a. fluid under high pressure through sold an- 
nular outlet, 

2. A propelling device of the type described 
which comprises, In combination ; & body., an an- 
nular member rigidly fixed to said body at the 
front part thereof, anoUnir annular member rig- 
idly fixed to said body in coaxial: relation with 
the Brat annular member and ahead thereof, said 

fi5 members being so positioned and shaped as to 
form between them a narrow annular Interval 
with a flaring outlet opening to the atmosphere 
in a frontward direction, the rear edge or lip 
01 satd outlet, formed by the front surface of 

jo the first mentioned annular member, being of 
rounded shape starting tansentlally to said front- 
ward direction on the outer aide thereof* with 
if* convexity toward the front, whereas the front 
edge Or lip of said outlet, formed by the front 

^ surface of the second mentioned annular mem- 
bur, starts at an annle to said direction on the 

' inner side thereof, and means for driving out 
h fluid under high pressure through sold annu- 
lar outlet. 

70 3. A propelling device of th>n type described, 
which comprises. m comblnaUoa. a body, an an- 
nular member rigidly fixed to said body at the 
front pail thereof, with a spa.r-s between the 
rear face of said member and said; body, whereby 

To, air from the front of said member can flow 



through the inner aperture thereof and thr tigh 
said space to the lateral aides of said body, m- 
other Annular member rigidly fixed to said body 
In coaaial relation with the first mentioned an- 
nular member and ahead thereof, said members a 
being so positioned and shaped as to form be- 
tween them .an annular Interval with a flaring 
cutlet opening to the atmosphere ln a frontward 
direction, the rear edge or lip of said outlet, 
formed by the front surface of the first men- la 
tloned annular member, being of rounded shape 
starting lang^nttatly to said frontward direction 
on the outer side thereof, with its convexity to- 
ward the front, whereas (he front edge or Up of 
said outlet, formed by the front surface of the is 
second mentioned annular member, starts at an 
angle to .injd direction on the Inner si fie thereof, 
and means for driving out a fluid under high 
pressure through said annular outlet. 

4. A propelling devic* of the type described, £u 
which comprises, ln combination, a body, an an- 
nular member rigidly Axed to mid body at the 
front part thereof, with a space between the 
rear face of said member and said body, where- 
by ahr from the front of said member can flow 25 
through the inner aperture thereof and through 
said space to the lateral sides of said body, an- 
other annular member rigidly fixed to said body , 
In coaxial relation with the first mentioned an- 
nular member, and ahead thereof, said members an 
being; so positioned and shaped as to furm be- 
tween Lbem an annular chamber having an an- 
nular flaring outlet opening- to the atmosphere 
in a frontward direction, the rear edge or lip 
of said outlet, formed by the front surface of SB 
the first mentioned annular member, be) tiff of 
rounded shape starting tangcntlaily to said front- 
ward direction on the outer side thereof, with Its 
convexity toward the front, whereas the front 
edge or lip of stJd outlet, formed by the front 40 
surface e-f the second mentioned annular mem- 
ber, staru at an angle to said direction on the 
Inner side thereof, and means for feeding a 
fluid under high pressure to said annular cham- 
ber between, said members, the last mentioned 4& 
means including a plurality of tubes extending 
from said body and opening into said chamber. 

5- A propelling device of the type described 
Which comprises, In combination,, a body of hol- 
low shape forming a container for a fluid un- ao 
der high pressure, an annular member rigidly 
fixed to said body at the front part thereof, with 
a Space between said body and the rear lace of 
said member, wherehy air can flow from the. front 
Of Said annular member, through the central eb 
aperture thereof and through said space, to the 
lateral sides of said body, another annular mem- 
ber rigidly fixed to said first mentioned annular 
member coaxiaiiy therewith and ahead thereof, 
said members being so positioned and shaped be m 
to form between them &n annular chamber hav- 
ing on annular flarinf outift openinR to the at- 
mosphere in a frontward direction, the rear edge 
or lip of said outlet, formed by the front surface 
of the first mentioned annular member, being of as 
rounded shape starting tangenrially to said front- 
ward direction an the outer side thereof, with 
its convexity toward the front, whereas the front 
edge or lip of said outlet, formed by the front 
surface or the second mentioned annular- mem- 70 
bcr, starts at an angle to said direction on the 
Inner side thereof, and a plurality of pipes con- 
necting the inside of said body with said an- 
niuar chamber far feeding fluid under high pres- 
sure to said chamber. 
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5. A propelling device of the type described, 
which comprises. la combination, an elongated 
tody having one cud serving as 3 forward por- 
tion or oose. a fixed surface member of wing- 
5 shaped section rigidly carried exteriorly upon the 
forward portion qJ said body m spaced relation 
to the latter and with the chord of said section 
practically transversely disposed with respect to 
the forward direction upon the body, the front 
10 surface of said member being convex in said 
forward direction and arching rearwardly away 
from said body from a. recess or depressed portion 
in the foremost part of said forward, portion, 
rigid spaced means upon said fixed member 
15 spaced a small distance from the latter member 
in said recess or depressed portion so *s to de- 
termine at least one narrow slot ocmmiinicatinir 
with, the Interior of said body and allowing a 
sheet of fluid tq Be projected at high pressure 
20 from within the body out through said slot and 
against the convex front surface or said fixed 
member In said recess. &od caused to follow said 
curved surface first forwardly out of the recess 
and then outwardly and learwardly along the 
- 5 arching portion of said curved surface upon said 
fliied member, and open means upon the for- 
ward portion of said propelling device allowing 
free access of air to the rear surface of said fixed 
surface member between the same and the body 
au independently of the fluid supply escaping from 
the interior of said body through said narrow 
slot. 

T> A propelling device according to claim 6, 
wherein the fixed surface member is annular so 

58 as to surround the nose of the device, and the 
slot means extends around £GJd nose in the recess 
which is also extended about the device to be an- 
nular In form, 
a. A propelling device of the type described* 

JO which comprises, in combination, an annular 
elongated body having one end serving as a. for- 
ward portion or nose, a fixed annular surface 
member of wing-shaped section rigidly c&rried 
exteriorly upon the forward portion of said body 

4& in spaced relation to the latter arid surrounding 
the same with the chord of said section prac tlcally 
transversely disposed with respect to the forward 
direction upon the bndy, the front surface of said 
annular member being convex in said forward 

IW direction Hnd archhig rearwardly away from said 
body, rigid spaced means upon, said fixed member 



tlon of jfald curved surface upon said fined and 
annular member, there being a free and open 
passage extending rearwardly from the forward 
portion of the device and communicating in un- 
broken manner with, the space between said fixed 5 
annular member and said body allowing atmos- 
pheric air to enter freely and relieve any tendency 
to form si vacuum upon the rear surface of said 
annular member, and a plurality of fluid supply 
tubes connecting the Interior of said body with 10 
said narrow slot through said space between the 
annular fixed member and said body and in- 
dependently thereof. 

S r A propelling device according to claim B, 
wherein the fluid supply tubes serve as the ex- 15 
elusive mechanical means for supporting the fixed 
annular member upon and spacing the same away 
from the main body of the device. 

10. A propeUlne device of the type described. 
Which comprises* In combination, an elongated 20 
body having one end serving u& a forward por- 
tion or nose, a fixed annular &-urface member of 
wing-shaped section rigidly curried exteriorly 
upon the forward portion of said body in spaced 
relation to the latter and surrounding the same 
with the Chord of said section practically trans- 
versely disposed with respect to the forward di- 
rection upon the body, the front surface of said 
annular fixed member being convex In said for- 
ward direction and arching rgarwardiy away from SO 
said body from an annular recess or depressed 
portion in the foremost part of said forward por- 
tion, rigid spaced means upon &aid fixed member 
spaced a small distance from the latter member 
in said recess or depressed portion so as to de- S3 
(ermine at least one narrow slot communicating 
with the interior of said body and aUcwlng a 
sheet off fluid to be projected at high pressure 
lrorn within the body out through said slot and 
against the convex front Surface of said fixed 40 
member in said annular recess, and caused to 
follow said curved surface first forwardly out of 
the recess and then outwardly and rearwerdly 
along the arching portion of s&id curved surface 
Upon said fisted annular member, there being a m 
free and open passage extending rearwardly from 
the forward portion of the device and co-ftirmmt- 
catlng in unbroken manner with the space be- 
tween said fixed annular member and sa[d body 
allowing atmospheric OU* to enter freely and re- fiij 
ileve any tendency to form a vacuum upon the 



spaced a small distance from the latter member rear surface at said annular member, and a uln- 



so as to determine at least one narrow slot com- 
municating with the interior of said body and 
allowing a sheet of fluid to be projected at high 
pressure from within the body out through add 
slot and caused to follow said curved surface 
outwardly and rearwardly along the arching per- 



rality of fluid supply tubes conn,ectin E the Inte- 
rior of said body with said narrow slot through 
said space between the annular fixed member and 
said body and! independently thereof. 

HENRI COAUDA, 
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